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APPLICATIONS  OF  WAVEGUIDE  ARRAYS  IN  COMMERCIAL 
AND  MILITARY  RADARS 


I  KARLSSON,  ERICSSON  RADAR  ELECTRONICS  AB 
MOLNOAL,  SWEDEN 


ABSTRACT 

Slotted  waveguide  arrays  have  proven  to  be  good  candidates  for  a 
wide  range  of  radar  applications.  The  Inherent  properties  of 
being  a  distribution  network  as  well  as  radiator  result  In  low 
loss  compact  designs. 

Ericsson  Radar  Electronics,  (ERE),  has  had  the  opportunity  to 
study,  design  and  manufacture  slotted  waveguide  arrays  for  both 
commercial  and  military  applications. 

The  Interaction  between  the  military  and  commercial  projects  has 
facilitated  the  development  of  advanced  design  tools  and  tech¬ 
niques  for  measurements  and  manufacturing.  The  paper  briefly 
presents  some  of  the  projects  and  design  aids.  A  frequency  and 
phase  steered  array  antenna  for  an  artillery  locating  radar  is 
described  in  more  detail. 

1.  INTRODUCTION 

ERE  has  been  Involved  In  several  antenna  development  programs 
using  slotted  waveguide  array  technology  covering  the  S  to  Ku 
frequency  bands.  Some  have  been  awarded  by  the  European  Space 
Agency  (ESA)  and  some  by  different  defence  administrations. 
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Among  the  programs  funded  by  the  European  Space  Agency  are  the 
Synthetic  Aperture  Radar  (SAR)  antenna  and  scatterometer  antennas 
of  the  first  and  second  European  Remote  Sensing  Satellite’*^. 
Studies  and  breadboarding  of  new  advanced  concepts  such  as  a  dual 
beam  array^,  a  dual  polarized  slot  antenna^  and  shaped  beam 
antennas^  are  other  ESA  funded  programs. 

Among  the  more  recent  developments  for  military  programs  are  the 
phase  scanned  AEU  radar  antenna^  and  the  phase  and  frequency 
steered  array  for  an  artillery  locating  radar  (ALR).  The  ALR 
antenna  is  described  below.  Arrays  for  weather  radars^  and  com¬ 
mercial  side  looking  airborne  radars,  monitoring  oil  spills  along 
the  coast,  are  other  programs  that  have  contributed  to  the 
experience  of  slotted  waveguides. 

It  is  the  combination  of  both  commercial  and  military  programs 
that  has  justified  investments  in  design  software  and  test 
facilities.  Some  of  these  programs  and  investments  are  briefly 
presented  in  the  paper. 

2.  CHARACTERISTICS  OF  SLOTTED  WAVEGUIDES 
Slotted  waveguide  arrays  often  come  out  as  the  winner  in  trade 
offs  between  different  antenna  techniques.  The  antennas  mentioned 
above  all  incorporate  broad  wall  slotted  waveguide  arrays. 

ERE  prefers  to  work  with  broad  wall  slotted  waveguides  rather 
than  edge  slot  waveguides  as  the  design  software  is  accurate  and 
well  verified. 

For  scanning  antennas  ridge  loaded  waveguides  are  used  to  avoid 
grating  lobes. 

Other  attractive  characteristics  of  broad  wall  slot  waveguide 


arrays  are: 
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low  cross  polarisation 
slots  in  planar  ground  plane 
low  depth  (waveguide  height) 
low  mass 

self  supporting  design 
low  manufacturing  cost 
low  loss 

Accurate  design  software  and  manufacturing  techniques  that  allow 
tight  tolerances  are  absolutely  necessary  in  order  to  achieve  low 
sidelobes. 

ERE  uses  basically  two  manufacturing  techniques.  One  is  to 
machine  the  waveguides  and  slots  in  a  block  of  aluminium.  The 
other  method  is  to  use  extruded  waveguides  and  machine  the  slots 
in  the  waveguides.  Both  methods  have  proved  to  give  very  good 
tolerances  and  high  yield.  Dipbrazing  is  used  to  solder  the 
different  antenna  parts  together. 

ERE  also  has  experience  of  using  metallized  carbon  fibre  for 
manufacturing  arrays.  The  requirements  on  mass  and  temperature 
stability  have  to  be  very  important  (e  g  space  application)  to 
justify  the  cost  of  carbon  fibre  arrays. 

3.  A  PLANAR  NEAR-FIELO  SCANNER 

A  planar  near-field  test  facility  was  required  to  measure  the 
performance  of  the  10  meter  by  1  meter  SAR  antenna,  which  at  that 
time  was  the  largest  array  ERE  had  designed.  The  antenna 
comprises  5  mechanical  panels  with  resonant  slotted  waveguides. 
The  electrical  design  and  testing  were  performed  at  ERE. 


The  antenna  Is  mainly  built  of  metallised  carbon  fibre  waveguides 
and  components  to  achieve  low  mass  and  temperature  stable  perfor¬ 
mance  In  orbit. 

Dornler  GmbH  In  Germany  manufactured  the  antenna.  The  test 
facility  has  an  effective  scan  area  of  more  than  5  meter  by  12 
meter.  The  probe  position  Is  controlled  with  an  RMS  error  of  less 
than  0.1  mm.  The  frequency  ranges  from  4  to  40  GHz*.  Figure  1 
shows  the  test  range  with  the  ERS-1  antenna. 

The  design  and  test  software  developed  during  the  program  has 
been  further  developed  In  the  design  of  the  AEW  antenna  and  the 
ALR  antenna.  It  would  have  been  very  hard  to  develope  and  produce 
the  high  performance  antennas  required  today  without  the  avail¬ 
ability  of  a  high  quality  near-field  test  range. 


Figure  1  Planar  near-field  test  range  with  ERS-1  antenna. 
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4.  ARRAY  ANTENNA  DIAGNOSIS  AND  CALIBRATION 
The  need  of  an  accurate  array  antenna  diagnosis  tool  initiated  a 
method  for  obtaining  the  individual  element  excitations  of  an 
array  antenna  from  measured  radiation  patterns.  Access  to  indivi¬ 
dual  element  (slot)  excitations  makes  it  possible  to  compare 
measured  data  with  design  values.  Four  major  applications  are 
identified: 

Design  tool.  Improve  the  nominal  amplitude  and  phase 
distribution  during  the  design  phase. 

Antenna  calibration.  Antennas  with  phase  shifters,  variable 
power  dividers  and  active  modules  can  easily  be  tuned  to 
compensate  for  mechanical  tolerances  and  different  path 
lengths  in  the  antenna. 

Element  failure  diagnosis.  Errors  due  to  component  failures 
and  manufacturing  problems  may  be  located. 

Pattern  extrapolation.  Test  range  limitations,  with  respect 
to  angular  coverage,  can  be  overcome  by  computing  patterns 
at  angles  where  measured  data  is  not  available. 

Often  the  measured  far-field  data  is  not  sufficient  to  allow  an 
accurate  direct  transformation  back  to  the  element  excitations. 
The  measured  far-field  data  is  restricted  to  visible  space  which 
does  not  always  contain  the  entire  Fourier  domain.  A  typical 
example  is  phased  array  antennas  designed  for  large  scan  angels. 

A  similar  problem  arises  during  near-field  testing  of  planar 
antennas  in  which  case  a  significant  far-field  domain  is 
restricted  by  the  scanning  limitations  of  the  near-field  test 
facility.  An  iterative  procedure  has  been  developed  which  con¬ 
verges  towards  the  correct  solution^. 
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The  software  has  been  found  to  be  very  powerful  and  it  is 
regularly  used  to  assess  antenna  designs  and  calibrate  antennas. 

5.  SLOT  CHARACTERIZATION 

In  the  design  of  slotted  waveguide  antennas  the  waveguide  is  most 
often  modeled  as  a  transmission  line  where  the  dominant  TEIO  mode 
is  propagating.  The  longitudinal  slots  cut  in  the  broad  wall  of 
the  waveguides  are  normally  modeled  by  normalized  shunt  admit¬ 
tances.  Sometimes  a  shunt  admittance  is  not  sufficient  to 
describe  the  slot  in  which  case  an  s-matrix  approach  can  be  used. 
The  higher  order  mode  coupling  in  the  TE20  mode  can  also  be 
included  in  the  waveguide  design. 

An  important  part  of  the  design  process  is  to  find  a  model  of  the 
slot  admittance  data  which  is  suitable  for  computer  calculations. 
The  active  slot  admittance  comprises  the  isolated  slot  self 
admittance  and  a  coupling  term.  The  self  admittance  is  a  function 
of  slot  length,  slot  offset  and  waveguide  cross  section  dimen¬ 
sions.  The  coupling  term  is  dependent  on  the  slot  environment  and 
the  slot  excitation.  To  find  a  model  of  the  slot  self  admittance, 
that  is  accurate  enough,  measurements  of  slots  with  different 
lengths  and  offsets  are  required.  This  is  particularly  true  for 
ridged  waveguides  where  theoretical  iiK>delling  is  rather  compli- 
cated^°.  As  a  result  of  the  many  slotted  array  programs  with 
different  waveguide  geometry  and  materials,  ERE  has  developed 
fixtures  and  methods  that  allow  very  accurate  measurements  of  a 
large  number  of  slot  geometries  in  a  short  time.  Particularly  the 
models  for  weakly  excited  slots  have  been  improved^\  Curve 
fitting  techniques  are  used  to  derive  universal  polynominals  for 
characterizing  the  slot  in  the  computer  model 
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Figure  2  shows  one  slot  charaterization  fixture. 


Figure  2  Isolated  slot  characterization  fixture. 

6.  AN  ANTENNA  SYSTEM  FOR  AN  ARTILLERY  LOCATING  RADAR 
6.1  Background 

The  previously  described  design  tools  have  been  used  in  the 
design  of  a  phase  and  frequency  steered  phased  array  antenna  for 
use  in  an  artillery  locating  radar  system.  The  antenna  is  mounted 
on  a  turntable  and  is  designed  to  be  carried  on  the  roof  of  a 
tracked  vehicle. 

A  functional  model  comprising  both  antenna  and  turntable  has  been 
designed,  built  and  tested.  The  overall  antenna  design  and 
performance  as  well  as  the  performance  and  requirements  of  the 
major  components  are  presented. 

The  development  has  been  very  successful  and  the  measured  perfor¬ 
mance  of  the  functional  model  antenna  meets  the  target  values  of 
the  requirement  specification. 


An  artillery  locating  radar  (ALR)  has  three  main  functions 
Search  for  targets  (gun,  mortar  or  artillery  projectiles) 
along  the  horizon. 

Track  detected  targets  to  calculate  their  trajectories  and 
thus  the  launch  positions  and  Impact  points. 

Register  own  artillery  fire  by  tracking  projectiles  in  the 
last  part  of  their  trajectories. 

The  ALR  represents  an  application  where  a  phased  array  antenna  Is 
almost  mandatory  to  enable  the  radar  to  fulfil  Its  main  func¬ 
tions.  This  Is  because  the  specific  requirements  on  the  radar 
function  such  as: 

Very  small  radar  target  cross  sections,  1000  times  below 
typical  aircraft  cross  sections. 

Very  rapid  target  motion  with  high  vertical  velocity. 
Simultaneous  tracking  of  many  targets. 

Track  while  scan  mode. 

Very  high  target  data  accuracy. 

This  requires  a  large  antenna  with  accurate  and  rapid  beam 
movements  In  both  azimuth  and  elevation.  As  Indicated  In  Figure  3 
the  electrical  beam  scan  sector  Is  wide  (>90*)  In  azimuth  but  can 
be  limited  to  a  10*  wide  sector  just  above  the  horizon  In  eleva¬ 
tion. 

In  the  antenna  design  this  Is  reflected  In  the  choice  of 
frequency  scanning  In  elevation  and  phase  scanning  In  azimuth. 
Compared  to  phase  steering  In  two  dimensions  this  concept  Is  much 
less  costly.  Figure  3  demonstrates  the  ALR  concept. 
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The  antenna  is  mounted  on  a  turntable  on  the  roof  of  a  highly 
mobile  tracked  vehicle.  The  optimum  search  sector  of  the  antenna 
for  each  operating  location  is  adjusted  by  mechanically  tilting 
and  turning  the  antenna.  In  transport  the  antenna  is  positioned 
flat  towards  the  roof. 

In  addition  to  the  stringent  requirements  on  rapid  scanning, 
sidelobes,  gain  and  pointing  accuracy  the  requirements  on  low 
cost  and  low  mass  also  put  constraints  on  the  design.  The  low 
cost  requirement  implies  conventional  production  processes  and 
the  repeatability  of  the  processes  has  to  be  verified.  The  low 
mass  requirement,  generated  by  the  antenna  location  on  the  roof 
of  the  vehicle,  leads  to  several  difficult  trade  offs  as  the 
antenna  shall  withstand  severe  environmental  conditions  during 
transport  and  operation. 

The  design  of  the  ALR  antenna  has  thus  been  a  very  challenging 
task. 

The  antenna  design  is  presented  and  the  performance  of  the  major 
components  is  discussed.  The  RF  signal  will  be  followed  on  its 
path  through  the  antenna  starting  at  the  power  divider  input 
port. 

Finally  some  measured  antenna  patterns  will  be  showed. 
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Figure  3  Artillery  locating  radar  functions. 


6.2  Antenna  principal  layout 
Figure  4  shows  the  principal  layout  of  the  antenna. 


!  MraynWr  ||  j  TntktU  ntim 

Figure  4  Antenna  principal  layout. 
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6.3  Power  divider 

The  power  divider  shall  provide  a  well  controlled  tapered 
amplitude  distribution  across  the  48  output  ports  with  an  RMS 
amplitude  error  less  than  0.2  dB.  This  requirement  is  set  by  the 
azimuth  sidelobe  constraints.  The  insertion  phase  from  the  input 
port  to  each  output  port  may  vary  considerably.  The  phase  dif¬ 
ference  is  compensated  for  by  the  phase  shifter  settings. 

Several  power  divider  concepts  were  traded  off  and  a  corporate 
feed  network  was  chosen.  The  design  utilizes  branch  line  couplers 
and  the  complete  network  was  machined  out  of  two  aluminium 
blocks.  Most  wall  thicknesses  were  reduced  to  less  than  two 
millimeters  to  minimize  weight.  Figure  5  shows  the  two  halves  of 
the  network  before  assembly.  The  power  divider  measures 
1350  mm  X  650  mm  X  SO  mm  and  weighs  30  kg.  Each  half  of  the 
network  weighs  96  kg  before  the  machining  starts.  The  machining 
tolerances  are  better  than  0.03  mm  on  the  critical  dimensions  of 
the  couplers. 

The  measured  amplitude  distribution  is  compared  to  the  require¬ 
ment  specification  in  Figure  6.  The  measured  average  loss  of  the 
network  is  0.15  dB.  This  state  of  the  art  network  was  designed 
and  manufactured  by  ERA  Technology  Ltd,  England. 
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F1guf*e  5  Photo  of  power  divider  before  assembly. 


Figure  6  Specified  and  measured  amplitude  distributions 
0  ideal  distribution 


X  measured  distribution 


6.4  Phase  shifter 


The  phase  shifter  is  a  latching,  non-reciprocal  ferrite  device. 
The  magnetization  is  changed  by  application  of  a  current  pulse 
through  the  magnetizing  wires.  A  change  in  magnetization  produces 
a  change  in  insertion  phase  with  no  holding  current  required.  The 
phase  shifter  is  an  8  bit  phase  shifter  and  it  is  capable  of 
differential  phase  shift  from  0  to  360*  in  approximately  1.4* 
increments. 

The  phase  shifter  has  a  phase  accuracy  of  3*  RMS.  The  repeatabi¬ 
lity  is  better  than  0.75*.  The  insertion  loss  at  room  temperature 
is  better  than  0.5  dB. 

A  special  feature  of  the  phase  shifters  is  thit  the  driver 
circuitry  of  each  phase  shifter  accepts  a  common  message  from  the 
control  unit.  The  method  of  distributed  beam  steering  reduces  the 
size  of  the  central  control  unit  and  requires  less  cabling. 

Each  phase  shifter  has  an  prom  for  storing  phase  corrections 
to  compensate  for  different  path  lengths  in  the  power  divider  and 
other  phase  errors.  The  phase  corrections  are  readily  attained 
from  the  diagnosis  and  calibration  software  during  the  final 
test. 


6.5  Aperture  waveguides 

From  the  phase  shifters  the  signal  enters  into  the  aperture 
waveguides.  The  aperture  comprises  48,  2.3  m  long  ridged  wave¬ 
guides  with  64  slots  in  each  waveguide.  The  waveguides  are  non 
resonant  and  terminated  with  matched  loads.  Broadwall  slots  have 
been  chosen,  partly  due  to  the  availability  of  very  accurate 
Inhouse  software  for  synthesis  and  analysis  of  waveguide  arrays 
with  broad  wall  slots. 
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The  requirements  on  large  scan  angles  (±45‘)  In  azimuth  dictated 
the  use  of  ridged  Maveguldes.  Standard  rectangular  waveguides 
would  allow  only  about  20”  scanning  without  generating  grating 
lobes. 

The  choice  of  waveguide  dimensions  was  also  dictated  by  the 
required  frequency  scanning  In  elevation  which  Is  directly 
related  to  the  guide  wavelength.  To  achieve  the  scan  range  the 
waveguide  had  to  operate  relatively  close  to  the  cutoff 
frequency. 

The  guide  wavelength  of  a  ridged  waveguide  close  to  cutoff  Is 
very  sensitive  to  the  waveguide  profile.  The  tolerances  on  the 
most  critical  dimensions  were  set  to  0.03  mm  to  maintain  a  good 
elevation  pointing  accuracy. 

The  slot  positions  relative  to  the  centerline  of  the  waveguide 
determines  the  excitation.  For  a  ridged  waveguide  the  field  Is 
concentrated  at  the  ridge  and  even  small  errors  In  the  slot 
offset  can  result  In  serious  excitation  errors  and  high  side- 
lobes.  The  worst  type  of  errors  are  systematic  errors.  For 
example.  If  the  reference  plane  has  an  offset  error  when  the 
slots  are  machined,  every  other  slot  will  couple  to  much  or  to 
little  power  respectively.  This  will  result  In  grating  lobes. 


A  systematic  slot  offset  error  of  0.04  mm  would  result  in  a  20  dB 
grating  lobe  in  the  elevation  pattern. 

The  problem  of  maintaining  tight  tolerances  was  one  of  the  major 
concerns  in  the  beginning  of  the  program.  Several  ways  of 
producing  and  machining  the  waveguides  were  investigated.  The 
waveguides  for  the  present  antenna  model  were  extruded  and 
machined  by  MIFA  Aluminium  bv,  Holland. 

Another  concern  was  the  characterization  of  slots  that  are  offset 
less  than  half  a  slotwidth  from  the  centerline.  This  is  the  case 
for  several  slots  near  the  waveguide  input.  This  problem  was 
overcome  by  very  accurate  measurements  of  weakly  excited  s1ots^^. 

The  electrical  design  was  done  in  an  iterative  process.  The  slot 
excitation  and  the  amount  of  power  coupled  into  the  end  load  were 
inputs  to  the  synthesis  which  was  done  at  center  frequency  and 
included  mutual  coupling  effects. 

The  derived  slot  positions  were  in  the  next  step  used  for 
analyses  over  the  frequency  band  of  interest.  As  the  array 
comprises  over  3000  slots  and  the  mutual  coupling  effects  were 
considered  each  frequency  to  be  analysed  required  long  computer 
time.  The  optimum  antenna  performance  was  achieved  when  only  4  % 
of  the  input  power  was  coupled  to  the  end  load. 

The  design  was  also  supported  by  measurements  on  individual 
waveguides  to  verify  the  calculations.  Figure  7  shows  a  picture 
of  the  antenna  aperture. 
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Figure  7 


Antenna  mounted  on  the  turntable. 
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6.6  Antenna  control  unit 

The  antenna  control  unit  is  a  communication  interface  between  the 
signal  and  data  processing  unit  and  the  phase  shifters.  It  also 
takes  care  of  the  built  in  test  signals  and  signals  from 
different  sensors  in  the  antenna. 

6.7  Antenna  pointing 

To  enable  the  radar  to  accurately  determine  the  position  of  the 
launching  artillery  or  impact  point  of  the  detected  target  the 
position  of  the  antenna  has  to  be  known  very  accurately.  The 
antenna  beam  pointing  has  also  to  be  known  within  2  mrad.  A 
sensing  system  is  implemented  to  track  the  antenna  movements  to 
achieve  this  under  all  possible  environmental  conditions  and  to 
avoid  a  heavy  antenna  and  turntable  structure. 

6.8  Antenna  performance 

Figure  8  shows  a  measured  30  plot  of  the  antenna  pattern  for  a 
beam  scanned  30”  in  azimuth.  The  concentration  of  sidelobe  peaks 
in  the  principal  planes,  are  typical  for  a  rectangular  antenna. 

In  all  other  areas  the  sidelobe  levels  are  below  the  noise  level. 
Figure  9  shows  a  measured  antenna  pattern  for  an  elevation  cut  at 
the  center  frequency.  Figure  10  shows  a  measured  pattern  for  an 
azimuth  cut,  at  30”  scan  angle. 
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Figure  8  3D  plot  of  measured  antenna  pattern. 
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Amplitude  (dB) 


-M.o^.o-n.o^'o^.o-«.o-as.o-aa.o-io.o  o.o  lo.o  r  ''  30.0  «.o  90.0  n.o  to.o  m.o  90.0 


Figure  9  Elevation  cut  measured  data. 


Figure  10  Azimuth  cut  measured  data. 
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7.  SUMMARY 

The  combination  of  commercial  and  military  programs  has  allowed 
ERE  to  Invest  In  design  software  and  test  facilities  which  are 
required  In  the  design  of  advanced  slotted  waveguide  arrays. 

The  paper  presents  some  of  these  design  aids  and  describes  In 
more  detail  the  design  of  an  antenna  for  an  artillery  locating 
radar.  A  similar  antenna  has  been  proposed  for  a  weather  radar 
application. 
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APSmCT 

Developed  first  for  commercial  telecommunications,  the 
AIRLINK*  High  Gain  Antenna  System  has  become  the  market  leader 
in  commercial  aircraft  installations.  Two  side-mounted  phased 
arrays  are  employed  on  a  single  aircraft,  using  conformal 
passive  apertures  with  active  electronics  modules  mounted 
inside  the  skin.  Coverage  is  achieved  throughout  the  INMARSAT 
coverage  region,  and  the  system  meets  all  ARINC,  FAA,  and 
INMARSAT  requirements.  The  commercial  system  has  also  been 
reconfigured  as  a  military  secure  telecommunications  link 
(STU-III) .  The  reconfigured  system  was  demonstrated 
successfully  in  Hay  of  this  year,  resulting  in  the  development 
of  a  mobile  demonstration  vehicle  and  a  niimber  of  probable 
system  deployments. 

The  passive  conformal  aperture  is  a  multilayer  printed 
circuit  euitenna  and  feed  system  less  then  0.4  inches  in 
overall  thickness.  Radiating  elements  are  microstrip  patch 
antennas  covering  both  transmit  and  receive  bands,  while  the 
feed  is  a  biuried  microstrip  structure  sharing  the  radiating 
aperture.  RF  interfaces  from  the  aperture  elements  to  the 
electronics  modules  are  accomplished  with  two  custom  cedsle 
btindles.  The  system  architectures  achieves  balance  between 
the  competing  demands  of  RF  performance,  reliability, 
modularity  and  low  production  cost  to  be  competitive  in 
commercial  markets.  Antenna  pattern  and  system  performance 
are  presented  in  this  paper. 
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1.0  INTRODUCTION 


As  an  example  of  dual  use  technology,  the  AIRLINK*  system 
may  be  unusual  in  that  it  was  developed  first  at  Ball 
Aerospace  for  commercial  and  general  aviation.  The 
development  actually  began  in  1983  with  an  INMARSAT 
feasibility  study,  followed  by  system  and  hardware  development 
funded  internally  and  under  a  second  INMARSAT  contract.  An 
important  milestone  was  reached  in  1991  with  a  business 
alliance  with  Collins  Air  Transport  Division,  whereby  Collins 
supplies  the  avionics  and  acts  as  the  single  source  for  e 
complete  SATCOM  system.  At  the  present  time,  AIRLINK*  has 
been  commissioned  on  large  numbers  of  commercial  and  general 
aviation  aircraft,  including  all  versions  of  the  Boeing  7XX 
series  aircraft  and  Gulf stream  II,  III,  and  IV.  The  backlog 
of  additional  Installations  is  significant,  following  the 
cycles  of  new  aircraft  deliveries  and  airline  retrofit 
planning. 

The  antenna  system  represents  mature  microstrip  phased 
array  technology  at  Ball  Aerospace.  The  key  design  issues 
involved  execution  of  a  low-cost  producible  package,  while 
providing  the  required  performance,  reliability  and 
maintainability.  Some  of  these  issues  are  discussed  in  the 
following  sections.  The  antenna  concepts  are  not  difficult, 
but  the  low-cost  producible  design  has  allowed  Ball  to  become 
the  lead&r  in  this  market. 

2.0  AIRLINK*  SYSTEM  DESCRIFFION 

AIRLINE*  is  em  airborne  satellite  communications  syst«B 
fully  compliant  with  multi-organizational  standards  such  as 
ARINC  741,  FAA,  RTCA-DO-160C  and  INMARSAT  multi-channel 
voice/data  technical  requirements.  The  system  capability 
enables  an  aircraft  to  use  a  global  aeronautical  communication 
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network  that  consists  of  three  components,  the  airborne  earth 
station  (AIRLINK*  ) ,  geostationary  satellites,  and  ground 
eeurth  stations.  The  space  segment  consists  of  four  INMARSAT 
satellites  distributed  in  geosynchronous  orbits  that  cover  the 
major  ocean  regions  as  shown  in  Fig.  1.  This  distribution  of 
satellite  positions  provides  for  worldwide  SATCOM  coverage 
except  in  some  zureas  of  the  polar  regions.  The  ground  segment 
consists  of  three  COMSAT  Ground  Earth  Stations  that 
interconnect  with  the  Public  Switched  Telephone  Network, 
providing  worldwide  service  area  coverage  for  the  INMARSAT 
satellites.  Aircraft/ satellite  communications  are  at  L-'band, 
while  the  grovind  station/satellite  communications  are  at  C- 
band. 


Fig.  2.  is  a  diagram  of  the  AIRLINK*  antenna  system, 
consisting  of  two  sidemounted  apertures  conformal  to  the 
aircraft  skin,  and  six  internally-mounted  RF  modules  with 
associated  cabling  and  connections  for  RF,  power  and  control. 
The  passive  radiating  apertures  are  connected  by  RF  cable 
bundles  to  the  Beam  Steering  Units (BSU),  which  contain  3-bit 
phase  shifters  for  each  radiating  element,  as  well  as  2ui 
2unplitude-tapered  power  divider/ combiner  for  each  aperture. 
The  common  port  of  the  BSU  is  connected  by  a  short  cable  run 
to  the  LNA/Dlplexer  module  where  the  transmit  and  receive 
paths  are  split.  Downstreeun  from  the  LNA  a  simple 
starboard/port  combiner  leads  to  the  main  receive  port.  The 
transmit  signal  from  the  High  Power  Asqplifier  (HPA)  is 
switched  between  starboard  and  port  signal  paths  by  means  of 
a  high  power  RF  switch. 

The  architectxire  shown  in  this  diagram  is  driven  by  the 
requirement  for  minimtim  drag  from  the  radiating  aperture, 
along  with  the  availability  of  space  inside  the  aircraft  for 
mounting  the  RF  electronics  modules  separate  from  the 
aperttire.  The  resulting  configuration  provides  a  high  degree 
of  maintainability  and  reliability  at  the  lowest  possible 


25 


cost.  Perfomance  is  conpromised  somewhat  because  of  the 
passive  BSU  circuitry  and  cabling  between  the  aperture  and 
LNA/diplexer . 

The  coverage  plan  for  the  two  sidemounted  apertiires  is 
sho%m  in  Fig.  3.  At  a  mounting  angle  of  45o,  the  apertiire 
coverage  overlaps  at  the  zenith  in  a  region  (termed 
hysteresis)  where  a  handoff  routine  between  apertures  is 
implemented.  As  expected,  low  elevation  coverage  on  the  nose 
and  tail  is  limited. 

3 .  DUAL  USE 

In  a  more  recent  internal  development  at  Ball  Aerospace, 
the  AIKLINK*  system  has  been  reconfigured  for  secure  military 
communications.  The  system  is  designed  to  offer  worldwide, 
clear,  reliable,  two-way,  air-to-ground  or  gro\ind-to-air 
secxire  or  non-secure  voice  and/or  data  communication.  The 
secure  interface  unit  of  the  audio/data  subsystem  performs 
analog/digital  signal  conversions  between  the  Secure  Terminal 
Unit  (STU-III)  and  the  Satellite  Data  Units  of  the  SATCOM 
transceiver.  The  STU-III  is  an  analog  voice  signal  device 
used  for  both  clear  emd  secure  voice  and  data  communications. 

The  system  is  currently  installed  on  a  USAF  Avionics  Test 
Bed  aircraft  for  operations  testing  and  evaluation.  Numerous 
d^loyments  of  the  system  are  pending.  Furthermore,  the 
system  is  available  for  demonstration  on  a  Ball  Aerospace 
mobile  test  bed,  which  can  demonstrate  secure  voice,  video, 
FAX  and  PC  transmissions. 

4.  APERTURE  DESCRIPTION 

The  multilayer  printed  circuit  antenna  aperture  is  shown 
in  Fig.  4,  in  whicOi  the  circuitry  on  four  different  layers  eure 
super iaq;>osed.  It  can  be  readily  seen  that  the  full  available 
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aperture  is  not  used,  resulting  in  a  some  compromise  in 
performance.  The  space  is  used  instead  for  the  RF  signal 
lines  from  the  bundled  coaxial  inputs  to  each  radiating 
element.  As  shovm  below,  this  choice  enhances  the  low  cost 
and  producibility  of  the  multilayer  aperture.  Both  RF  signal 
lines  and  polarization  hybrids  are  implemented  in  buried 
microstrip,  and  are  unshielded  in  the  radiating  aperture.  The 
radiating  elements  themselves  are  two-layer  stacked  microstrip 
patches,  covering  the  full  range  of  transmit  and  receive 
bandwidth  (about  10%) . 

Fig.  5.  is  a  cross-sectional  view  of  the  radiating 
aperture,  having  a  total  thickness  0.375  in.  The  bottom  layer 
contains  the  RF  signal  lines  and  the  polarization  hybrids,  fed 
in  a  stirface  launch  from  the  coaxial  connectors  in  two 
bundles.  Within  the  polarization  hybrid  the  signal  actually 
jumps  from  the  trace  layer  on  the  bottom  board  to  the  back 
side  of  the  lower  (driver)  element  board,  so  that  the  feed 
ribbon  can  be  installed  easily  prior  to  any  laminations.  The 
upper  (driven)  element  is  etched  on  a  separate  board,  and  the 
entire  four-layer  leuaination  (with  a  thin  laminated  radome)  is 
accomplished  at  one  time. 

The  aperture  assembly  is  about  as  simple  as  a  multilayer 
microstrip  antenna  can  be.  The  installation  of  the  two 
co2Ucial  connector  bundles  (shown  in  Fig.  6)  is  actually  the 
most  difficult  part  of  the  process.  There  were  certainly 
design  alternatives  that  would  have  provided  marginally 
greater  perfonnance,  but  at  higher  levels  of  complexity  and 
production  cost. 

5.  PERFORMANCE  DATA 

Pattern,  gain,  G/T  and  ERP  data  for  the  AIRLINE*  antenna 
subsystem  are  shown  in  the  following  figures.  Fig.  7.  is  a 
typical  pattern  plot  with  the  antenna  scanned  to  45**  along  the 


long  (azimuth)  dimension  of  the  array.  Testing  and 
qualification  of  AIRLINK*  also  requires  patterns  where  the 
antenna  is  constantly  scanning  as  it  rotates,  so  that  the  peedc 
of  beam  points  to  the  same  angle.  An  example  of  this  type  of 
peak  gain  pattern  is  sho%m  in  Fig.  8.  The  s€uiie  type  of 
scanning  also  produces  contour  plots  from  data  teJcen  over 
half-space.  Fig.  9  is  a  plot  of  the  12.0  dBic  gain  contotor 
for  AIRLINK*  S/N  120.  Single  antenna  data  is  also  transformed 
into  aircraft  coordinates  for  particular  commissionings  to 
determine  ERP  and  6/T  coverage.  Fig.  10  and  11  show  aircraft 
coverage  contours  at  25.5  dBH  ERP  and  -13.0  dB/K**  G/T. 
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AIRLINX*  GLOBAL  CX>VERAGE 


AIRLINK*  ANTENNA  SYSTEM  CONFIGURATION 


i 

8 
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AIRLINK*  COVERAGE  DIAGRAM 


RF  CABLE  CONNECTOR  ASSEMBLY 


BALL  AEROSPACE 


AIRLINK*  PATTERN  SCANNED  45 « 


2  15N0V91  nni  \J 

i«  I559MHI  A-AMPUTUOe  PHI-  (Meg  ABSOLUTE  AMPUTUOE  EMF3S1  HAS  3SdB  IF  ATTEN 
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PEAK  GAIN  PATTERN,  AZ-0* 


AIRLINK  HIGH  GAIN 

SN120  45  25SEP92 
EIRP  COVERAGE 
DATA  FILE:  c69_455 
FREQUENCY:  1644.MHZ 
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Pig.  10.  AIRLINK*  25.5  dBW  CONTOUR  IN  AIRCRAFT  COORDINATES 


AIRLINK  HIGH  GAIN 

SN120  45  25SEP92  345 
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Pig.  11.  AIRLINK*  -13.0  dB/K*  CONTOUR  IN  AIRCRAFT  COORDINATES 


FOCUSED  APERTURE  ANTENNAS* 

CariE.  Baum 

PhtDipe  Laboratory /WSR 
3550  Aberdeen  A  venue  SE 
IQrdand  Air  Force  Base,  New  Mexico  87117-5776 

ABSTRACT 

The  dectromagnetic  fields  from  aperture  antennas  can  be  represented  as 
integrals  over  file  aperture  dectric  field.  Maximizing  fiie  fidds  at  an  observer  defines  a 
focused  iqierture.  fai  fids  case,  the  htlegralssiizqilify  and  the  qxitial  and  fiequency  parts 
ccmvenienfiy  separate.  This  makes  the  results  also  conveniently  expressible  in  time 
domain. 


*  From  Sensor  and  Stamdatkm  Note  306^  May  1987. 


1. 


INTRODUCTION 


A  previous  paper  [2]  has  conridered  planar  distrilnited  sources  for  radiating 
transient  pulses.  Under  suitaUeappn>xiinations,dus  can  be  analyzed  as  M^t  is  referred 
to  as  an  aperture  antenna  [4].  By  assuming  an  aj^jrqmate  distribution  of  the  tangential 
dectric  fidd  on  the  aperture  the  fidds  tfuou^ut  space  are  expressible  integrals  over 
die  aperture. 

In  order  to  simplify  the  results  and  maximize  the  Bdds  one  can  restrict 
consideration  to  what  is  called  a  focused  aperture  [4].  This  separates  the  dependence  of 
the  fidds  at  the  observer  into  separate  ^tial  and  feequency  terms.  This  also  allows  for  a 
convenient  representation  in  time  domain. 

After  devdopii^  the  general  theory,  exj^Udt  integrals  are  given  for  the  ^tial 
coefficients  for  the  two  frequency  terms  for  die  dectric  fidd  and  die  diree  ftequency 
tenns  for  the  magnetic  fidd.  Then  die  case  of  a  circular  aperture,  focused  on  die  axis  of 
symmetry,  with  a  uniform  tangential  dectric  field  is  oonsideied,  resulting  in  dosed-form 
ejqjiessions  valid  at  any  distance  frwn  die  aperture. 


2.  ELECIRQMAGNETIC  FIELDS  FRC^  ARBITRARY 
APERTURE  FIELDS  IN  A  PLANE 

The  bade  equations  for  dectromi^inetic  fidds  from  those  on  a  half  plane  (z  >  0) 
are  wdl  know  [3, 4].  hi  particular  let  us  consider  that  die  tangential  etectric  fidd  on  die 
source  plane  S'  (Le.,  s'  a  Olis^pedfied.  Let  die  k  coordinates  be  those  on  S',ie., 

r'  =  (x',  /,  0)  (1) 
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Furthermore,  let  "t  bethecooirdiiiatesof  Ae  Adds  aw^  from  S'  as 


^  »  (x,  y,  z)  (2) 

Then  as  in  Flgorel,  we  have  some  assumed  tangential  field  distiibutkm  on  S' as 

Et(x',  y',  0;  t)  =  (£x*(x',  y',  0;  t),  £y.(x',  y'.  0;  t),o)m  £,(x',  y';  #)  (3) 


In  addition^  there  is  a  z  con^xment  of  the  dectric  fidd  on  S'  wMdi,  however,  does  not 
appear  as  a  source  in  the  traditional  equations. 


Now  at  some  position  wewishtooonqnite  Aefidds.  Define 

s  ■  UqHace-transform  (two-sided)  varial^ 

■  oonq^  fie(]uency 


r 


£ 

C 


■  fcee-^Moe  pfopagatkm  constant 


c  ■  -7-  ■  need  of 


- 


wave  inqwdanoe  of  fiee  qpaoe 


(4) 


Our  half  space  of  interest  (z  >  0)  is  coraidered  free  q>ace  with  zero  conductivity, 
pennittivity  e0,andpe^neabffity/4^ 
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Hguiel.  ElectnmiagneticfiddsfnnnasouiceiJane  S'. 


The  dectnmtagiietic  fields  are  omiputed  as  from  an  equivalent  set  of  magnetic 
current  sources  on  S' n^diich  give  a  vector  potential  [1,3]. 

^  f  ^  (5) 

2»js'  UL  J 

The  scalar  potential  of  a  mi^petk  current  di^ribtttion  being  zero,  we  have 

E  «  E  =  -sA,  B«a»H-VxA  (6) 

dl 
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Thai  we  have 


t(7,s)  =  i  X  i't{x',y';s)  x  \r  e-^^dS' 


In  oon^xmeM  fonn,  we  have  for  the  decbk  fid^ 

V'-” '  "S' 

( 


The  magpetfo  fidd  oniqxments  are  soinevdiat  inoie  oomi^icated  as 


h.(7.s)  =  -1-  f  i^/±::J2<2 


2wJs' 


+  lyR  +  2  - 


+  3rJl  +  3]  Ei(x',  y';s) 


(y-yr+: 


+  3yl?  +  3 


Hy(r,s) 


I  f  ffa  *  ~ 

2W  Js''F”  i  ? 


l]  Ef(x',  y';s)  dS' 


+  3yR  +  3]  £^(x',  y';s) 


2rR  +  2  - 


(x-xO^+z^r, 


[(yRf  +  3rll  +  3]  EJOc',  y';s)  dS' 
•• 


*  s]  ^(X-.  y:s) 


(x  -  x'ter/„-^2 


[{rRf  +  3rR  +  3]Ef(x',  y';s)jdS' 
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Note  that  one  can  ttiink  of  die  fields  fiom  an  aperture  as  those  horn  an  array  of  magnetk; 
(%oles.  Hie  dectric  field  has  R'^  and  contributions  and  the  magnetic  fidd  has  R~^, 
R~^,  and  Rr^  contributions. 


In  time  dtmiain  one  also  has  explidt  formulas  by  making  the  assodaticm. 
La{dace  (con^;^  fiequency)  Domain  <-»  Time  Domain 


e-’'*  EU{x\  y';s)  y';  i  - 


(10) 


«-> 


J 


dt 


Substituting  die  time~domam  forms  in  (7)  through  (9)  these  equations  are  all  converted  to 
eiqilidt  time-domain  formulae  for  the  fidds  in  terms  of  timeKlomain  qierture  fidds. 

3.  FOCUSED  APERTURE 


As  discussed  in  various  texts  [4],  one  can  have  a  focused  aperture.  By  this  we 
mean  diat  the  jdiase  of  die  tangential  dectric  fidd  (source)  on  S'  is  adjusted  such  duit  at 
some  observer  at  7  »  7o  the  signals  from  eadidementary  position  on  S' all  arrive  widi 
the  same  |diase.  Looking  at  (7)  it  is  die  factor  e*^^  E't,  which  we  need  to  control.  While 
E't  is  only  a  function  of  the  source  coordinates,  is  a  function  of  both  source  and 
fidd  coordinates. 

Considering  a  fixed  observer  position  at  7  s  'rodienwehave 
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Ro  ■ 


■  »® 


Letusnowoonstrainat  ro 


(11) 


(12) 


With  this  dioke^tiien  at  ro  all  souroes  (or  equivalent  dementary  magnetic  dipoles)  have 
die  same  wavefonn  /ft)  arriving  at  the  same  time  at  "fo.  The  variation  of  the  source 
anqilitude  over  S'  is  constrained  by  a  s^Miate  factor  ^(x',  y')  (real)  widt  an  overall 

scalefactor£o  (real). 


Substituting  (12)  into  (7)  dtpou^  (9)  gives  die  fidds  at  the  focus  7o.  Notethatin 
the  magnetic  fidd  equation  in  (7)  die  curt  operator  is  with  respect  to  r,not  ro.  Intenns 
of  die  components  the  dectricfidd  at  7o  is 

^{r.,s) .  ^e,  7(s)  &(*'. 


+ 


iS' 

(13) 


Similaify,  die  magnetic  fidd  is 


.  ^rK  .  3]]»,(x'. yO 


dS' 
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Jy  •"*’’**  3]g«(x',y') 

+  lio^li.[(^R)2  ^.3yR^.  3]jt,(x',  y')|jS' 

(14) 


After  allowing  for  the  dday  term  and  the  source  (tangential  E)  waveform 
/(s),  note  that  the  dectric  fidd  has  terms  proportional  to  and  sP,  while  the  magnetic 

fidd  has  terms  proportional  to  s^,sP  and  s**^.  Then  let  us  write  for  the  dectric  field 
B,Cf„s>  =  7(s)|o^>  i  H  +  c®  ^  . 

(15) 

?.<?.,<)  -  7(»)  j[oS  +  7  +  +  “SI  • 

Smilaily,  for  the  magnetic  fidd 
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2;  H^(^o.s)  =  f{s)  1^)  AH  +  ^  ^ A 

Ko  C  J^  » 

2.  H,C?.,5)  -  ?(«) .  ^0)  iH  *  ^ 

*  *  »^4  *  1^4^: 

Z,  Hjff.,s)  .  E^->'**  7(S)  I/^>  ^  (,s, 

*  KSii^T  *  1^4  * '^4^ 

where 

a  «  some  diaiactoistk  dimension  of  the  aperture  (17) 

Indus  form  the  a  and/9  coefficients  are  frequency  independent  and  dimensionless. 

The  above  results  are  also  directly  ejqxessaUe  in  time  domain  for  tite  dectric 

fiddas 

£.(?.,<)  =  .  og^  /(.-i)| 

£,(?„.)  .  (18) 
£.(?.;«  -  £,{[«£  *  ag]ii±/(.-^)  ^  (.«  *  . 
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In  time  domain  the  magnetic  fidd  is 

-  m  - 

*  [« *  />s]  J/(<-^)  -  m  * 

(19) 

Note  for  the  time  integrals  the  excitation  waveform  is  assumed  to  be  identically  zero 
before  some  turnon  time.  In  (18)  and  (19)  foe  utility  of  focudng  at  "ro  is  indicated  by  the 
sinqde  form  the  results  take  in  time  domain.  If  the  aperture  sources  did  not  all  reach  "ro 
at  the  same  time  the  three  time-domain  terms  (derivative  waveform,  waveform,  and 
integral  waveform)  would  be  smeared  out  This  is  another  way  of  considering  foat  foe 
fields  are  maximized  at  "ro  by  focusing. 

Now  we  have  foe  coefficients  whidi  depend  on  Iro  and  foe  spatial  distribution 
onfiiesouroe.  The  coefficients  of  the  derivative  terms  for  foe  electric  fidd  are 
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<  -  *  '2r*y(*''yl"' 

y')'“'  “®’ 

“w  ■S^/s.[<*»‘’‘'>*  ■"  *  j5]'’(y.-y1*y(«'.y1‘'S' 

T1«  coefficients  of  ttie  terms  proportional  to  ti«e  source  wavefonn  for  the  dectric  fidd  are 

flg  =  ^yo-yf  +  rw 

a®  =  ±;^jj(x,-xf  +  (y«-yf  +  z|]^^%y(x',  y')rfS' 

The  coefficients  of  ttte  derivative  tenns  for  the  magnetic  fidd  are 

f^x  »  ~  J {yo-yf  +  4]^^^(’^-x')(y®-y')fo(x'yy0<*s' 

(y«-y'f  +  2?J*^^[(yo-y'f  +  i\zy{^'>y')^' 

^  *  (y<»~yO^  +  4]gx(x'y  y')iy 
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(yo-y'f  +  4^^  (xo-x')(yo-y')  ^^''y')'*^' 

*  {yo-yf  +  4^^^  {yo-y')zogx{*',y')iS' 

fiSr  »  ^  J  (yo-y'f  +  4y'^(xc-x')^ogy(<y')^' 

(22) 

The  coefficients  of  the  tenns  proportional  to  the  source  waveform  for  ffie  magnetic  field 
are 

(yo-y')^  +  4^  K-x')(yo-y')  gx{^>y)ds' 

-  3[(xo-xf  +  {yo-yf  +  4p^[(yc-y')^  +  4]|  gy{^'>y')iS' 

^  +  (yo-yO^  + 

+  3[(xo~x'f  +  {yo-yf  +  4]^[(x„-x')^  +  4]J  gx{^',y)dS' 

^y  “  iyo-yf  +  4j  {^-x'}{yo-y}  gy{x\y)ds' 

^  +  (yc-/)^  +  4^  (y®-/)  fxlx'.yO'^s' 

^y  *  iyo-yf  +  4^ (xo-x')  gy{x',y)ds' 

(23) 
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Tte  coefficients  (rf  ttie  integral  tenns  for  the  magnetic  fidd  are 

-  3[(x,-x^*  +  (y.-yf  +  [ly,-yf  *  2|]|  *y(x',  y')is- 

+  3[(x.-x^*  +  {y.-yf  +  +  xjjj  *,(x',  y')dS' 

*  ^‘-yf  *  «ij‘^Nx.-x')(y.-y')  *,(x',ylJS' 

^  *  (y.-y')^  +  4j‘^’(y.-y')  jxCx'.y-jilS' 

yyCx'-yjJS' 

(24) 

4.  CASE  OF  POOJS  AT  LARGE  DISTANCE  FROM  APERTURE 

Now  let  1^  /a  -»  ee  wiiere  a  is  some  duuacteristic  dimension  of  the  aperture. 
Specifically  let  all  source  fields  be  zero  outside  of  some  radius  on  S'  given  by  some 
constant  times  a.  For  tftis  purpose  we  have  coordinates  (cartesian,  C3dindrical,  qdierical) 
as 
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X  *  '¥  cos(^), 
z  •  Tcoaifi), 


y  = 

Y  »  rsiitCe) 


(25) 


X  s  rsin(9)  cos(9)/  y  »  rsin(6)  sin(9) 

These  aie  subscripted  with  0  for  the  observer  at  s  "ro. 

Considering  that  8^  and  ^  are  fixed  as  /a  ->  <»,  we  have  to  order  (a/Ro)'^ 
fiM*  foe  dectiic  coefficients  in  (20)  and  (21). 

aSx  =  »  ^a»(®o)-T  f  y') 

2*  a*  Js' 

flfy.y  =  oS  = 

oSi  =  oS  = 

®2y  *  =  ^9in(®o)  sin(^)^ 

SimOaity  for  foe  magnetic  coefficients  in  (22)  foroug^  (24) 

=  8in^(«o)  cos(^)  sin(#,)  ^  gx{x'/  /)  <*S' 

i^y  =  ^  [cos^K)  +  an^(««)  s«n*(#o)]  ^ 

^  [2-3[co8^(do)  +  sin^C^o)  s«n^(^)]]  ^  ' 
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^  ^  s»^(^)]]  -y  \  Jyi*’'  yO 

ft  v$ 

/^X  -  ^  [«»^(«a)  +  sJn*(«®)  «»^(^)]  ^  y*) 

^x  =  ^  [-2  +  3[a»2{«^)  +  sm2(e„)  cos2(#„)]]  ^  J^,«x(x'/  X') 

/^x  »  ^  [-2+3[oos^(fio)  +  sin^(«o)  oos2(^)l]  -y  J  .**(*''  xO 

ft 

C08(do)  8in(tfo)  sin(^)  ^  y') 

a>8(«o)  »in(6o)  cos(^)  ^  yO 


Note  the  common  factois  in  ttie  i^ve.  If  we  (hoose  as  a  q^edal  case  a  unifonn 

ilhiininalkm  (after  focusing)  of  a  dicular  aperture  of  ladhis  a,  witti  a  single  polaiization 

in  the  X  directknv  we  have 

fl  for  0  S  T'  <  a 
■  jo  for  Y'  >  a 

gyix',  yO  ■  0 


y")  * 

^J^*,(x',y')«'.o 
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These  can  be  substituted  in  (26)  and  (27)  to  give  the  usual  results  for  a  uniformly 
ilhiminated  circular  aperture  focused  at  •». 

In  a  more  general  sense,  let  die  aperture  be  of  area  A  widt  uniform  illumination 
gx-  “nren 

f  «x(x',  y')  dS'  *  A  (29) 

Js' 

which  is  a  well-known  result  for  uniformly  illuminated  apertures  focused  at  infinity. 

5.  <3RCULAR  APERTURE  Wrra  UNIFORM  TANGE^f^ 

ELECTRIC  FIELD  FOCUSED  ON  AXIS 


Now  consider  die  ^ledal  case  of  a  circular  aperture  with  uniform  illuinination 
(tangential  dectric  field) 

i  a 


gy{x\  y)  •  0 


(30) 


FuTdiennore,^)edalize  the  case  to  an  observer  at  a  distance  zo  onthez  axis. 


The  non-zero  dectric-fidd  coeffidents  are 
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'  f”  * 

-  *  ?J 

«S  *  ^  ^  +  y'^  +  4\^^^gx{*'>  y')is' 

»  ^  V'  dV' 


*^£i’‘*^r''''’’ 


Substituting  fliese  results  in  (18)  we  have 

E.h,T.,0  .  toj^I  +  ^]|/(|  - 


(31) 


(32) 
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which  is  a  quite  ooin{]act  result  valid  for  Zo  >  0.  ThiscuibeesqMundedfor  small  aV^o  h} 
give 


Ex(2»t„t)  = 


+ 


as 


->  0 


(33) 


This  exhibits  the  usual  for-field  results  (derivative  term)  proportional  to  (aperture 
area)/zo.  In  addition  for  foe  term  proportional  to  foe  excitation  waveform  foere  is  a 
leading  term  proportkmal  to  (aperture  area)/ 2^. 


The  non-zero  nu^;netic-fidd  coefficients  are 

» ^  ^  jr  j  [’«"*+ 4]^^^  oo8^(^o + 4]^' 
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-  4z2  ![•*  +  41"'^^  -  ^*J| 

-['^?r  1 

s  *  ’^r' 

+  3[x'*  +  +  ^]^[x'^  +  4]J«x{x'/  y')iS' 

»  ^  ^  J*  J  |-2  [»P'2  +  2I J"'  +  3  [V'*  +  4]^  [v'*  008*(#') + 2^]|  df  ir 

«  I  {“^  +  2^ f  ^ + 3  +  2^]”*  [v'2  +  2zJ]| 

4r'*3[.wri»^24]}''» 

-«4[[»*+4r'-<*j 

'  -f[[>*S[  -  ‘j 
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+  3[x'*  +y'^  +  +  2^]J&(x',  y')dS' 

+3  ['l"2  +  ['P'^  C0S*(^')  +  j;2 

*  i  ^  J*|-4  [*r2  +  + 3  ['P'2  +  4]^^^  ['*''*  +  22^]}  '*'' 

=  i  f^£  |-4[v+22]^^^+3[t)  +  z2]^^^[w  +  222]|(|v 

“  i  ^|*{[*^  ^  ^  j“(*^  +  +  2o^  +  -^  [«^  + 


Substituting  tiiese  results  in  (19)  we  have 
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6. 


SUMMARY 


The  case  of  Section  5  is  not  the  only  spedfic  aperture  distrilnition  one  could 
consider.  Considetii^  a  focused  aperture  other  distributions  of  aperture  fields  can  be 
investigated  and  die  coefficients  in  Section  3  determined.  Perhaps  some  other  interesting 
distributions  %vill  give  closed-^brm  results  as  in  Section  5. 
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THE  RADIATION  PATTERN  OF  REFLECTOR  IMPlJLSE  RADIATING 
ANTENNAS:  EARLY-TIME  RESPONSE 


Everett  G.  Farr 
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Caii  £.  Baum 
Phillips  Laboratory 


Abstract 

We  generate  here  an  approximation  to  the  step  response  of  rdlector 
Impulse  Radiating  Antennas  (IRAs)  in  the  £-  and  H-planes.  These  step  responses 
are  then  convolved  with  the  derivative  of  the  driving  voltage  to  find  the  radiated 
fields.  This  aUows  a  determination  of  the  radiation  pattern  of  reflector  IRAs. 

1.  Introduction 

Reflector  Impulse  Radiating  Antennas  (IRAs) 
consist  of  a  paraboloidal  reflector  fed  by  a  TEM  feed 
(Figure  1).  Such  an  arrangement  creates  a  planar  field 
distribution  in  an  aperture  plane.  In  order  to  calculate 
the  field  radiated  by  an  IRA,  one  must  understand  the 
trantient  fields  radiated  firom  apertures.  The  tranrient 
radiatitm  fi'om  a  general  planar  q)ertuie  field  was 
developed  in  [1].  This  was  fiirther  specialized  to  two- 
wire  tq)ertures  in  [2],  but  only  on  boresight.  The  off- 
boresight  fields  created  by  a  two-wire  aperture  were 
never  developed.  We  do  so  in  this  paper. 


ngure  1.  Anbiqnilse 
Radiating  Antenna. 
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The  results  we  provide  here  are  valid  for  a  wide  variety  of  practical  cases. 
Although  it  is  true  that  these  results  are  valid  onfy  at  high  impedances,  this  is  not 
very  confining  in  practice,  because  at  low  impedances  one  incurs  significant  feed 
Uockage  anyway.  Furthermore,  our  expresaons  are  derived  explicitly  only  for 
round  wire  feeds.  But  since  the  feed  arms  are  relativdy  thin  at  high  impedances, 
the  specific  shape  of  the  feed  should  not  matter  very  much.  Thus,  the  results 
devdoped  here  are  usefiil  for  other  feed  arm  slu4>es,  such  as  coplanar  plates  and 
curved  plates  [3]. 

We  begin  by  providing  a  review  of  the  static  fields  between  two  wes. 
This  is  the  field  we  find  in  the  aperture  of  a  reflector  IRA.  Next,  we  radiate  this 
field  with  a  step>fimction  driving  voltage.  Expressions  are  provided  for  the  E- 
plane  and  H-plane  fields  (pattern)  created  when  the  aperture  fields  are  turned  on 
suddenly.  Furthermore,  we  demonstrate  that  on  boresight  our  results  are 
consistent  with  earlier  results  calculated  by  contour  integratioa  Fiiudiy,  we 
convolve  the  stq)  response  with  the  derivative  of  a  typical  driving  voltage,  in  order 
to  get  the  response  to  a  realistic  driving  voltage.  With  this  information,  we  can 
calculate  a  gain  and  antenna  pattern,  according  to  the  definitions  of  [4]. 


2,  Static  Fields  in  the  Two-Wire  Aperture 

Let  us  review  first  the  static  fields  in  a  two-wire  aperture.  We  assume  a 
Reflector  IRA  with  a  relativdy  high  feed  impedance,  so  we  can  ignore  apoture 
blockage  for  early  times.  We  can  estimate  the  oror  incurred  by  ignoring  aperture 
blockage  firom  [3]. 

Recall  that  the  effect  of  the  paraboloidal  reflector  is  to  convert  a  ^heiical 
TEM  wave  into  a  Oocally)  planar  TEM  wave  [5,  ^)p«idix  A].  Thus,  we  must 
radiate  an  r^)erture  fidd  that  turns  on  suddenly,  as  shown  in  Figure  2.  We  assume 
the  tangential  aperture  fidd  has  the  form 

2 
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(2.1) 


when  F  is  the  voltage  between  the  two  wires>  ti(0  is  the  Heavi^  step  fiunctioii, 
and  is  the  oonqriex  potential  between  the  two  wires  described  by 

w(0  =  «(0  +  JHO 

C=x  +  jy  (2.2) 

-  real  fiinctions 

Furthermore,  we  restrict  ourselves  to  round  wires,  whidi  makes  the  math 
considerably  simpler.  For  this  case,  the  potential  fimction  is  [6] 

wiO  =  2JmcoH</a)  =  41^1  (2.3) 

vdiere  a  is  the  aperture  ratfius.  Thu  potential  fimction  is  plotted  in  Hgure  3.  The 
real  and  imaginaty  parts  of  the  potential  can  be  separated  as  [10] 


Ihudly,  the  impedance  is 


(2.5) 


vdiere  An  is  the  diange  in  u  fiom  (me  conductor  to  the  other,  and  Av  is  tiie  change 
in  V  as  one  endrdes  a  conductor  On  this  case  2i^. 
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Foru<  J^uaidvmhlnowrarticf  j06» 
ftru>  J5«uandvmkikaimirtiaiai  * 


Figure  3,  The  complex  potential  map  for  round  wires,  upper  right  quadrant,  from 
[2]. 
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So  &r,  this  theory  has  just  been  a  review.  But  in  looking  ahead,  we  know 
that  certain  additional  functions  will  be  of  use  to  us  later.  Thus,  let  us  define  the 
fii^wing  normalized  potential  fimctioa 

where  the  contour  C\(x)  is  a  vertical  lirw  through  the  point  (r,0)  for  the  leitgth  of 
the  drcular  aperture  (Hgure  4).  We  will  see  later  that  the  radiated  field  in  the  H- 
plane  is  proportional  to  the  above  integral.  As  time  progresses,  the  field  will  be 
proportional  to  as  the  contour  Ci(x)  sweeps  across  the  ^)eiture.  To 

simplify  this  integral,  we  use  a  standard  formula  fiv  they  component  of  the  dectric 
fidd. 


•  ^  Mx,y) 

Air 


(2.7) 


vdiere  ti(4)  is  defined  in  (2.4).  Thus,  we  have 


®(A)(x)  = 


— f  — <*> 

Air 


(2.8) 


This  is  just  the  relative  change  in  u  alrmg  the  path  CjQc).  When  Q  cuts  throu^ 
the  metal  conductor,  the  relative  change  in  ir  is  unity.  To  the  left  and  right  of  the 
conducts,  the  diange  in  u  tqiers  ofi^  readiing  zero  at  the  edge  of  the  aperture. 
Uang  (2.4),  after  some  simplification  we  find 

{l/(^)arcsedi(-x/a)  -aSxS-flsech(rr/^) 

1  -asech(a-/g)Sx^  asech(flr/g) 

l/(i^)arcsech(x/a)  asech(a-/^)^x^  a 

(2.9) 

This  is  plotted  in  Egure  5  for  several  values  of  fg. 
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Figures.  Plots  as  a  function  of  x/aand;^ 


There  is  a  sanilar  fimction  we  can  define  vdiich  is  us^il  for  a  pattern  cut  in 
the  E-plane.  We  will  see  later  that  the  field  in  the  E-plane  is  proportional  to  the 
line  intend 


where  C2(y)  is  a  horizontal  line  through  the  point  (OyyX  for  the  length  of  the 
drcular  ^)erture  (Hgure  6).  The  field  in  the  E-plane  is  proportional  to  the  above 
integral  as  C2(y)  sweeps  across  the  aperture.  We  now  write  the  usual  esqnesaon 
for  Ey,  and  convert  to  a  derivative  nnth  respect  to  x  with  the  Cauchy-Riemann 
equations  [9].  Thus,  we  have 


^  V  ^  V  dv 

^  Air  dy  Au  dx 

Combining  the  above  two  equations,  we  find 


(2.11) 


We  can  simplify  the  above  by  notidi^  that  for  almost  all  values  of  y,  the 
expression  in  square  brackets  is  -  A  v/4.  C2(y)  intersects  (me  of  the  wires, 

fiiere  is  a  small  deviation  from  this  ^ple  result.  But  at  hi^  impedances  the  error 
is  n^gible  because  the  wires  are  small.  Thus,  we  have 

*<'>W  =  f  (2.13) 

(0  else 

This  is  just  a  pulse  fimction  of  width  a  and  magnitude  l/(2/g).  Another  way  of 
esqaesarig  this  is 
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(2.14) 


♦“’Cy)  - 

^Jg 

is  a  jHilse  function  ofvahie  unity  for  |>|^  a  and  zero  dsev^iere. 

This  con4>letes  the  review  of  the  static  fields  in  the  m)eiture.  Next,  we 
iqpply  thb  theory  to  the  radiated  fidd. 


Figured.  Location  of C2OO. 

3.  The  Radiated  Fidd 

In  [1]  a  general  expression  fi»r  tlw  radiated  fiff  fidd  generated  by  an 
arlntraiy  q)erture  fidd  was  derived.  We  now  vdsh  to  q)ecialize  that  ejqvesston  to 
the  fidd  resuhtng  fixmi  the  ^>erture  fidd  between  two  wires. 

Let  us  first  provide  some  definitions. 
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(3.1) 


5  =  Laidace  Transform  variable 


Y  =  sic 


c  =  ^)eed  of  light 
1  =  Ijfly  +  l^ly  +  Ijlj 

=  1  “  W  — 


Furthermore,  we  define  the  tangential  aperture  fidd  as 

=  £opx^x(»',y)+l>^^(*'./)]«(0  (3-2) 

=  £oi(^'>y)«(0 

vidiere£0isthefiddatthecenterofthei^>erture.  The  radiated  fitffidd  is  now  [1] 
£(f.s)  . 

*  (3J) 

/(V,.)  =  i[(I,-V)I  - 

vriiere  we  have  assumed  a  step-fimcdon  time  dq)endeDce  of  the  driviqg  vdti^. 
To  get  the  result  for  atbhraiy  time  dependence,  one  would  convolve  the  step 
response  with  the  derivative  of  the  drivii^  voltage. 

It  can  be  shown  firom  symmetry  arguments  [7]  that  the  radiated  fidd  in  the 
dominant  planes  (E-plane  and  H-plane)  can  be  represented  by  just  the  dmninant 
pdarization,  without  a  secondary  or  cros^l  corrqwnent.  Another  way  of  saying 
tins  is  that  h  is  only  in  the  aperture  that  contributes  to  the  radiated  fiu*  fidd  in 
the  two  rmyrn  plane  cuts.  Ifwe  now  spedalize  the  above  rdarionship  to  indude 
just  we  have  in  the  prindpal  platMS 
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(3.4) 


£(f.s)  = 

Ixcr 

#(V,»)  =  [Vxl,]/,(X..J) 

»  [aii(#)I«  +  caa(4c(u(#)I^]  /„(V,J) 


This  is  tile  esqmssicm  we  int^rate  over  to  ge(  the  field  for  the  dominant 
pohnization.  Note  that  we  have  used  the  vectcMr  eiqiression 

(3.5) 

to  get  tile  resuk  in  (3.4). 

Let  us  simplify  fiirther  (3.4),  utinch  is  the  conqilete  radiated  &r  fidd  in  om 
of  the  principal  planes.  The  y  conqxment  of  the  ^lerture  dectric  fidd  can  be 
expressed  in  various  ways  as 

Et,ix\y)  -  E,gyix\y)  =  (3.7) 


(3.8) 


(3.9) 

Converting  to  the  time  domain,  we  find 

11 


sothefimction^is 


gyix\y)  =  - 


V  Mx,y) 
Eq  An  dy 


The  fiinction  /^(l^,^)  in  (3.4)  now  amplifies  to 


dy 
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(3.10) 


faOrJ)  =  - 


y  f  Mx',y') 

AE^iiU^Sg  dy' 


i5(r+Vr'/c)a5S' 


This  is  the  result  we  must  evaluate  in  both  the  E>  and  H-planes. 

In  the  H-plane,  where  0  or  a;  the  function  faOr*^)  sui4>lifies  to 


/.<*>(«  0  =  - 


I 


^ct/sin(0),y’) 


AEo  A«  sin(fl)  -»C«(x) 
V  c 

AEf,  ^(6) 


dy' 


4>^*l(c//sin(^) 


(3.11) 


'ndiere  we  have  used  the  function  ^*)(x)  as  defined  in  Section  IL  The  superscript 
A  indicates  that  the  expresaon  is  specialized  to  the  H-plane.  Condbining  this  with 
(3.4X  and  noting  that  0  or  n  in  the  H-plane,  we  find 


=  I, 

1  r  j 

2a’ 

cr 

(3.12) 


Recall  that  in  the  H-plane,  1^  =  ±1^  ,  ^ere  the  sign  applies  if  0  and 

sign  I4)plies  fiar  (1*^  a:  This  is  the  final  expression  we  need  for  the  fidd  in 
H-fdane.  Note  that  we  have  normalized  out  a  time  delay  of  r/c,  to  keep 
eaqaression  simple. 


We  can  now  plot  some  examples  of  these  fidds  figure  7).  If  we 
normalize  the  time  scale  properly,  the  step  response  is  dependent  soldy  upon  Jg 
and  A  Thus;  h  is  convenient  to  normalize  the  time  scale  to  tg  a/c. 
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Figure?.  H-plane  step  refuse,  for  various  values  of  0.  For  riiese  plots, 
Zc-400QOi«  1.0631). 


We  can  find  sinular  e)q;)resrions  now  fi)r  the  E-plane.  Proceeding  fix>m 
(3.10),  and  confining  oursdves  to  the  E-plane,  vdiere  ’inti,  we  find 


/«“>(<>.')  =  - 


V  c  i  Mx'.ctimifft) 
AEf,  Au  rin(0  ■'C^Cy) 

V  c  r  Mx\ctlsm(^) 
AEf,  A»  rin(^  ^C2(y)  dx' 


dx’ 


dx' 


(3.13) 


Expresang  fins  in  terms  of  the  normalized  potential  fimction  fi>r  the  E-pkme, 

®(«)(j,)^ 

we  find 


AEq  an(6) 

V  c  1 
AEo  sin(6)  Ifg 

13 


<I><*>(cr/sin(6)) 


P(x,a) 


(3.14) 
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where  is  tlw  pulse  fimction  described  in  Section  2  of  this  paper.  Combining 

this  with  (3.4),  and  noting  that  4^  idiot  lidl  in  the  E-plane,  we  have 


=  ±1  1  /  Cf  \  (3.15) 

r  J4;r/^sin(^  ^sin(^’^J 


vdiere  the  applies  if  a/2,  and  the  rign  applies  if  4-^fd2.  This  is  the 
final  e:q>ression  for  the  field  in  the  E-plane  due  to  the  component  of  the  aperture 
field.  Some  examples  of  these  fields  are  plotted  in  Figure  8. 


ct/a 


I^gureS.  E-plane  step  response,  for  various  values  of  A  For  these  plots, 
Zc  =  400  n  0^=1.0631). 
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Let  us  review  now  the  approximations  we  have  used.  We  have  ignored 
^)erture  blockage,  ^ch  limits  us  to  higher  feed  inq)edances.  We  have  also 
ignored  some  of  the  fine  detail  in  the  E-plane  step  response  that  occurs  close  to  the 
wires.  This  has  the  effect  of  making  the  E-plane  step  response  a  slightly  sharper 
pulse  fiinction  than  it  actually  is.  We  have  not  invoked  any  small-ai^e 
q^roximations,  however,  so  our  expresaons  should  be  approximately  valid  out  to 
tf»90o. 

We  now  have  the  step  response  m  the  E-  and  H-planes  of  an  IRA  in 
equations  (3.12)  and  (3.15).  Before  going  fiirther,  we  check  that  our  two 
e9q)ressions  provide  the  correct  result  on  boreaght. 


4.  Consistency  Check  on  Boresight 

We  need  to  check  that  the  expresaons  we  have  just  developed  for  the  H- 
plane  and  E-plane  fields  generate  the  correct  results  on  boresight.  Recall  that  the 
high-impedance  q)proximation  on  boresight  calculated  by  contour  integration  is 
[2] 


E(r.t)  =  (4.1) 

F  2  7tC  J  ^ 

adiere  Sa{i)  is  the  approximate  delta  fiinction  [1],  ndiich  converges  to  a  true  ddta 
fiinction  in  the  limit  as  r  ao.  Thus,  the  eiqiressions  fisr  the  E-plane  and  H-plane 
fidds  must  qiproach  this  answer  at  0,  and  at  high  impedances.  Since  it  is 
^plest  to  show  this  for  the  E-plane  result,  we  do  this  first. 

The  E-plane  expression  fisr  the  fidd  on  boresight  is 

15 
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In  comparing  (4.1)  and  (4.2),  we  find  that  if  the  two  e9q;>resaons  are  equivalent  on 
boresight,  then  the  following  must  also  be  true 


S^l) 


lim  - - 

^0  2asin(6) 


(4.3) 


Recall  now  the  characteristics  of  a  fiinction  that  make  it  a  ^  fimction.  First,  the 
value  of  the  fiinction  must  iqiproadi  infinity  at  r »  0.  For  the  above  fimction,  this  is 
obviously  true.  Second,  the  integral  of  the  fimction  (area)  must  be  unity. 
Integrating  (4.3),  we  find 


$-¥0  2asm(0) 


lim - 1 - 

d^0  2asin(^ 


rfl  sin(g) 
'-a  c 


Piy,a)<fy 


1 


(4.4) 


Thus,  the  area  under  the  curve  is  unity,  and  the  fimction  approaches  the  S  fimction 
on  boresdght.  Therefore,  our  E-plane  expresaon  is  consistent  with  previous  results 
on  boresight. 


In  the  H-plane,  the  proof  is  only  a  little  more  complicated.  The  fidd  we 
calculated  is 


ct  \ 

2n  (^sin(6)j 


(4.5) 


Conqiaring  this  with  (4.1),  we  find  that  for  the  two  to  be  the  same  on  boresight,  it 
must  also  be  true  that 


Sa(t) 


(4.6) 
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where 


♦<*)(*)  * 


Hiitfg)  arcsech(-x  /  a) 
1 

1  /  (  ^  )  arcsedi(x  /  a) 


-a^x^-awediixfg) 
-a8ech(>r/^)^x^  asechCx-y^) 
awtxii{xfg)^x^  a 

(4.7) 


Clearly  the  expresaon  in  (4.6)  approaches  infinity  at  r  *  0.  Next  we  check  that  the 
integral  is  equal  to  unity.  Integrating  (4.6),  we  find 


lim 

^0 


(♦"fe}* 


lim  r 

^0  a  •'-«  c 

(4.8) 


To  cany  out  the  integral,  we  need  the  result  fit>m  Dwigfat[8,  #738],  that 

Jarcsech(x/a)dk  =  xarcsech(x/a)  +  aarcw(x/a) 

[arcsech(x/a)  >  O]  (4.9) 


This  leads  to  a  final  result  for  the  integral  of 


I!a  =  2asech(;r/^)  + 

=  -—^l— ^arc^(sed»(x'/g))j 

(4.10) 

At  impedances  sech(x’/^)->  0,  so  the  second  term  in  the  above  esqnession 
qqxoaches  0.  ComNning  this  with  (4.8),  we  find  the  area  under  the  fimcdon  is 
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0-»O  a 


(4.11) 


This  is  ^  second  condition  required  for  the  H>plane  fidd  to  ^proach  a  S  fiinction 
on  boresight-  Thus,  the  proof  is  complete  and  all  our  off-boresight  fidds  are 
consistent  with  known  results  on  boredght. 


5.  Sample  Fidd  Calculations 


Now  that  we  are  assured  that  the  step  responses  are  correct,  we  use  them 
to  plot  some  sample  fidds.  To  do  so,  we  convolve  die  derivative  of  a  typed 
driving  voltage  with  the  step  re^nse. 


We  use  the  integrd  of  a  Gaussian  waveform  to  drive  foe  antenna.  Tlus, 
the  step  re^nse  is  convolved  with  a  Gausdan  wavefi>rm  to  get  the  actud  radiated 
fidd.  It  is  convenient  to  define  foe  driving  waveforms  as 


dt  ^  U 


At)  =  j: 


Mn 

dt' 


dt\ 


tpwmi  =  0.940  (5.1) 

^10-90  *  1-023  (5.2) 


vdiere  tpwHM  ^  Width  Half  Max  of  dv/dt^  and  /lo^  is  the  10-90% 
risetime  of  v(0.  These  waveforms  are  plotted  in  Figure  9.  Recall  the  definition  of 
the  derivative  lisetime  of  a  waveform  is 


«pax(v(0) 
max(fo'(/)/  dt) 


(5.3) 


Thus,  the  derivative  risetime  is  inversdy  poportioiud  to  the  maximum  derivative 
ofthe  driving  voltage.  This  is  a  useful  property,  dnee  the  peak  of  the  radiated  fi^ 
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is  proportional  to  the  peak  of  the  derivative  of  the  vokage.  Note  also  that  for  the 
integrated  Gaussian  waveform  shown  above,  the  derivative  risetime  tj  is  within 
two  percent  of  the  10*90%  risetime,  tio.9o- 


The  above  expresaon  for  v(i)  can  also  be  expressed  in  terms  of  the 
complementary  error  iuncdoa  Thus, 


v(0 


V[  (l/2)eifc(V^|/|//j)‘ 
FI  -  (l/2)erfc(V^r/rj) 


r<0 

r^O 


(5.4) 


v^iere  the  complementary  error  function  is  defined  in  [1 1]. 

The  radiated  field  is  now  calculated  simply  firom 

E(r.e,*.t)  «  (s.s) 


vdiere  the  ^  operator  indicates  a  convolution,  and  is  the 

re^nse  in  the  E-  or  H-plane,  as  calculated  in  Section  m  of  this  paper.  We 
reduce  the  number  of  cases  that  need  to  be  calculated  by  defining  a  rise  parame 


Td 


(5.6) 


All  i^lems  with  equal  rise  parameters  have  the  same  shape  radiated  field.  Thus, 
a  fidd  pattern  is  a  function  only  of  ^  and  0.  There  is  no  need  to  indude  a 
dqModence  upon  both  the  ^)erture  radius  a  and  the  derivative  risetime,  because 
allthe  infimnation  is  contained  in  Tj. 
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Sil 


U_  Mt) 

V  dt 


7  HO 


Egiire9. 


Let  us  now  provide  a  typical  exanqjle.  Consider  an  IRA  with  a  400  Q  feed 
impedance  and  a  radius  of  0.3  m,  driven  by  an  int^rated  Gaus^  voltage  with 
1^»2S0  ps  »  256  ns).  For  this  configuration,  Tj^O.25,  so  all  pos^de 
configurations  with  0.25  and  »  400  Q  can  be  plotted  on  fee  same  graph, 
wife  |»x>per  scaling.  The  fidds  in  the  E-plane  and  H-plane  are  shown  in  Figure  10. 
The  time  scale  has  to  be  normalized  to  dtl^r  or  tj  ;h  does  not  matter  which. 
We  have  chosen  to  normalize  to  »  a/c,.  For  this  configuration  »  1  ns,  so  it  is 
trivial  to  normalize  the  x  axis. 

Wife  these  results,  we  may  now  establish  an  antenna  pattern.  We  do  so  in 
the  section  that  follows. 
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ct/a 

Figure  10.  Radiated  dectiic  field  vs.  0  and  t  in  the  H-plane  (top)  and  E-plane 
(botunn)  for  Zg  «  400  Q  and  0.25.  Note  that  the  curves  in  the  E- 
plane  at  0<*  and  2.5^  nearly  ovolq>. 
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6.  Antenna  Pattern 


With  the  off-boresight  fields  now  calculated  (at  least  q;)proxiinately),  we 
can  estabh'sh  the  antenna  pattenn.  RecaO  fix>m  [4]  the  gain  of  an  antenna  in  a 
particular  direction  fi>r  transmit  mode  is 


0(6,4)  = 


lire 


(6.1) 


It  is  sinq>lest  to  think  of  the  norm  operator  |  |  as  being  the  peak  of  the  wavefimn 
(oo-norm).  Of  course,  other  interpretations  are  possible,  such  as  the  area  under 
the  curve  (1-norm)  or  square  root  of  power  in  the  waveform  (2-norm).  Recall  the 
definititm  of  an  artntraiy  ^norm 


\f(f% 


/•« 


V-flo 


|/(«)L  ■  T-l/WI 


(6.2) 


The  norm  <»e  chooses  must  correspond  to  the  experimental  tedmique  used  in 
detecting  the  pulse.  Thus,  whoi  we  use  the  peak  norm  (<x>-norm)  in  these 
calculations,  we  assume  an  experimental  ^em  that  re^nds  to  the  peak  in  the 
received  waveform,  as  opposed  to  the  power  in  the  waveform  (2-norm)  or  area  in 
the  waveform  (1-norm). 

The  above  gain  definition  may  seem  unusual  at  first,  because  it  defines  a 
gain  ^Mth  umts  of  meters.  Hus  definition,  however,  has  a  critical  property  that 
other  definitions  sometimes  lack;  i.e.,  it  provides  information  about  antenna 
perfimnance  in  receive  mode.  Thus,  in  revive  mode,  if  the  incident  waveshiq)e  is 
a  derivative  of  tte  driving  voltage  used  in  transnut  mode  Qn  this  case  a  Gaussian), 
then  the  received  voltage  wave  is  described  Ity 
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(6.3) 


In  other  words,  the  peak  received  voltage  is  a  ^ple  fiinction  of  the  peak  incident 
field.  Some  other  gain  definitions  do  not  offer  such  simple  inteipretations 
ccmsistent  with  reciprocity. 

We  now  plot  the  gain  as  a  fimction  of  angle  for  the  configuration  of  the 
previous  section  (Figure  1 1).  It  is  interesting  to  note  that  on  boresight,  the  gain  is 
just  the  ^)efture  radius  divided  by  Furthermore,  the  pattern  in  the  E-plane  is 
smnewhat  more  compressed  than  that  in  the  H-plane. 


Figure  11.  Gain  (oo-norm)  in  the  H-  and  E-planes  as  a  fimction  of  angle.  For  this 
jdot,  Zg »  400  n,  and  0.25  (a *  0.3  m  and  /j*  0.25  ns). 


Angl«(itog) 


Kgure  12.  Gain  (oo-noim)  in  the  H>  and  E-planes  as  a  fimction  of  angle.  For  tins 
plot,  400  G,  and  Trf^O.l  (a«0.3  mand/^>0.1  ns). 


The  particular  dioice  of  parameters  we  have  used  until  now  has  a  slower 
rise  parameter  Tj  than  vdiat  may  be  more  typical  In  order  to  see  die  difiference, 
we  plot  the  gain  fi>r  a  &ster  configuration,  and  the  same  fised 

impedance,  2^  »  400  fl  If  we  assume  the  same  radius  as  before  (a  »  0.3  m),  we 
have  0.1  ns.,  y/bkh  is  2.S  times  foster  than  the  first  case.  The  gain  for  this 
arrangement  is  shown  in  Rgure  12.  The  overall  effect  is  to  make  the  patterns 
narrower.  Also,  we  can  see  here  more  cleariy  that  the  E-plane  pattern  is  narrower 
than  the  H-plane  pattern. 

ff  may  be  surpriting,  at  first,  to  notice  that  the  boreaght  ga«n«  of  the  two 
arrangements  are  the  same.  The  fiister  configuration  has  a  larger  radiated  fidd  on 
boiesight  1^  a  foctor  of  2.5,  so  one  ought  think  that  the  boiesi^  gain  must  also  be 
2.S  times  larger.  But  our  definition  of  gain  in  (6.1)  is  such  that  the  fiister  risetime 
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q)pean  in  the  denominator  of  (6. 1)  (the  dvtdt  term),  not  in  the  gain.  One  could 
define  a  gain  that  induded  the  &ctor  of  2.S,  but  it's  meaiung  in  recdve  mode 
would  then  become  less  dear. 

We  can  define  a  beamwidth  as  being  the  angular  width  vdiere  the  pattern  is 
down  by  a  fiu:tor  of  two  fi-om  its  peak.  Since  this  angular  width  depends  upon  the 
sdection  of  the  nonn  used  in  the  gain  definition,  we  call  this  beamwidth  the  Half 
Norm  Beam  Width  (HNBW),  analogous  to  the  fiiU-width  half  max  (FWHM) 
beamwidth  commonly  used  in  the  firequency  domain.  At  lugher  T^'s  (larger 
iq)ertures  or  fiister  risetimes)  the  beam^^dth  becomes  narrower. 


7.  Discussion 

There  are  a  number  of  ways  of  controlling  antenna  pattern.  Let  us  assume 
we  have  calculated  a  pattern,  and  we  wish  to  make  it  broader.  There  are  several 
ways  of  doing  so. 

The  first  technique  for  broadening  pattern  is  to  defocus  the  feed  point  of 
the  aperture.  Although  this  is  conceptualhy  ample,  no  ample  models  exist  yet  for 
(ffedicting  the  effect  If  one  wanted  to  pursue  this,  one  might  use  a  technique 
similar  to  that  used  to  predict  TEM  horn  performance  [12],  which  is  another 
defiacused  iq>erture. 

The  second  technique  of  broad«iing  an  antenna  pattern  is  to  use  a  smaller 
radius  tq)erture.  The  third  technique  is  to  use  a  slower  driving  waveform  (with  a 
largo’  r^.  Both  of  these  last  two  techniques  increase  the  rise  parameto  In 
doing  so,  the  on-boresight  radiated  field  is  reduced  in  inverse  proportion  to  T^.  If 
one  defi>cuses  the  antenna,  the  on-boreaght  radiated  field  is  similariy  reduced,  but 
it  is  someudiat  more  difficult  to  predict  the  magnitude  of  this  reduction. 


87 


The  final  techmque  for  broadening  an  anteima  pattern  is  to  change  the 
norm  (me  is  using  to  detect  the  signal.  Recall  that  the  norm  one  chooses  in  the 
gain  definition  must  correspond  to  the  experimental  method  of  detecting  the  pulse. 
We  have  used  the  peak  norm  (oo-norm)  in  this  paper,  however,  both  the  2-norm 
(power)  and  1-norm  (area)  are  reasonable  choices.  Furthermore,  it  can  be  shown 
that  the  2-norm  provides  a  broader  pattern  than  the  oo-norm,  and  the  1-norm  is 
tnoader  still.  Thus,  if  one  is  detecting  a  imlse  uting  peak  detection  (oo-ncmn),  one 
could  get  a  Imoader  antenna  pattern  by  detecting  the  power  in  the  pulse  (2<4io(m). 
One  would  get  a  broader  pattern  still  by  detecting  the  integral  over  the  pulse  (1- 
norm). 


Conversely,  if  one  wanted  a  narrower  beam  with  a  larger  signal  on 
boresight,  one  could  use  the  opposite  of  these  techniques.  Thus,  one  would  use 
large,  wdl-focused  apertures  with  Ibst  risetimes  (small  T^.  Furthermore,  (me 
would  detect  the  signal  using  peak  detection  (oo-norm). 


8.  Conclusion 

We  have  demonstrated  a  simple  techiuque  fisr  calculating  the  eariy-time 
off-boretight  radiated  fidd  generated  by  a  reflector  Impulse  Radiatmg  Antenna. 
^)ertuie  blodcage  is  not  included  in  the  modd,  so  the  modd  is  valid  only  at  hi^ier 
feed  inqtedances.  This  modd  leads  tn  a  simple  interpretation  of  transient  antenna 
gain,  vduch  we  plot  for  some  sample  cases.  Because  the  modds  we  devdoped  are 
sinqde,  one  can  readily  understand  h(nv  to  control  the  antenna  pattern  by  adjusting 
antenna  parameters. 
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ABSTRACT:  The  transformation  of  array  observation  data  prior  to  adaptive  sidelobe 
cancellation  with  the  LMS  algorithm  may  provide  an  improvement  in  the  adaptive  processor 
performance.  The  use  of  a  time-varying  step  size  is  a  necessary,  but  not  sufficient,  condition 
for  any  improvement  compared  to  the  standard  LMS  algorithm.  The  ability  of  the  transform 
to  decorrelate  the  observation  data  determines  the  efficiency  of  the  time-varying  step  size 
LMS  processor.  The  optimal  Karhunen-Loive  transform  and  sub-optimal  apprcncimations 
are  considered.  The  eigenvalue  spread  and  mean-square  error  performance  measures  of 
the  transform  domain  processor  are  considered  gr«q>hically  as  a  fimction  of  jammer  spatial 
arrival  angle  and  temporal  frequency.  Assuming  stationarity,  these  three-dimensional  plots 
are  provided  for  the  identity  operator,  DFT  and  DCT  time-invariant  transforms  in  a  one 
desired  signal  -  one  jammer  scenario. 

1  Introduction 

This  paper  addresses  the  problem  of  improving  the  convergence  q>eed  of  the  least  mean 
squares  (LMS)  algorithm.  The  application  considered  is  linearly  constrained  wideband 
sensor  array  processing  with  a  Generalized  Sidelobe  Canceler  (GSC)  form  processor. 

The  LMS  algorithm  [1]  is  a  member  of  the  stochastic  gradient  class  of  algorithms.  It  is 
a  method  to  descend  down  the  mean-square  error  contour  in  the  direction  of  the  negative 
gradient.  Its  form  is 

W(*  +  1)  =  W(*)  -I-  /ie(k)X(4).  (1) 

where  is  the  step  size  of  the  iterative  desc^it,  e(k)  is  the  error  signal,  given  by  the  difference 
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between  s  desired  signal  d{k)  and  the  array  output  y{k):  e{k)  =  d(k)  —  y{k),  and  X(h)  is 
the  observation  data.  The  term  e(h)X(h)  represents  the  instantaeous  gradient  estimate  for 
the  weight  update. 

Another  popular  class  of  algorithms  used  in  adaptive  arrays,  the  least  squares  class,  in¬ 
cludes  Recursive  Least  Squares  (RLS)  [2]  and  Sample  Matrix  Inversion  (SMI)  [3].  Stochastic 
gradient  algorithms  are  characterized  by  computational  simplicity  and  an  undesireable  de¬ 
pendency  between  their  speed  of  convergence  and  the  signal  environment  in  which  they 
operate.  Least  squares  algorithms  are  more  complex  and  coat  more  in  terms  of  computa¬ 
tional  requirements,  but  exhibit  a  relative  invariance  to  the  signal  environment.  Because  of 
physical  constraints,  such  as  the  platform’s  size,  weight,  and  power  restrictions,  the  processor 
may  be  subject  to  limitations  on  computational  complexity.  Thus  the  simple  LMS  algorithm 
is  attractive  for  use  in  the  adaptation  of  the  array  weights.  The  iq>plication  often  requires 
fast  performance,  such  as  in  the  case  of  anti-jam  protection  for  satellite  communicatons. 
These  conflicting  goals  of  simplicity  and  speed  motivate  the  need  to  find  a  methodology  for 
increasing  the  speed  of  convergence  of  LMS  while  maintaining  its  computational  simplicity. 

The  paper  presents  a  clear  relationship  between  the  stochastic  gradient  and  least  squares 
classes  and  demonstrates  that  it  is  possible  to  achieve  the  performance  benefits  of  least 
squares  while  maintaining  the  computational  requirements  of  LMS.  The  use  of  a  time- 
varying  step  size  coupled  with  an  orthogonal  transform  is  the  methodology  applied  to  achieve 
thb  goal.  The  time-varying  step  size  is  a  necessary,  but  not  sufficient,  condition,  and  the 
eflSciency  of  the  orthogonal  transform  in  terms  of  its  energy  decorrelating  and  compacting 
properties  determines  the  degree  to  which  a  performance  increase  can  be  realized. 

2  Linearly  Constrained  Adaptive  Array  Processing 

Consider  the  X-sensor,  J-tap  uniform  linear  antenna  array  shown  in  Figure  1.  The  desired 
signal  S(h)  and  noise  N(ir)  define  the  received  data  vector  lA  the  h**  sample  as  X(h)  = 
S(h)  -I-  N(h).  The  signal  Xik)  impinges  the  sensor  array  and  arrives  at  each  element  at 
a  different  time  determined  by  the  array  spacing  and  the  composite  ngnal’s  direction  of 
arrival.  The  X-dimensional  vector  of  the  values  of  the  received  wavef<»m  X(h)  prior  to  the 
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Figure  1:  A  direct  form  constrained  processor. 


t**  tap  of  the  tapped  delay  lines  is  written  as 

*<(<) 

*j(t  -  r) 

X.(fc)=  ,  »•  =  1,2,.../,  (2) 

.*<(<- (A- -l)r), 

and  the  resulting  K  J-dimenaonal  stacked  data  vector  is  formed  as 

Xi(t) 

Xa(*) 

X(i)=  (3) 

.  Xy  W  . 

The  sensor  elements  are  equispaced  by  a  distance  d,  and  r  =  dm(9)/c  is  the  interelement 
delay  for  a  plane  wave  impinging  the  elements  of  the  array  firom  an  angle  0  with  speed  c. 

Griffiths  and  Jim  [4]  have  shown  that  the  linearly  constrained  array  introduced  by  Firost 
[5]  is  equivalent  to  the  GSC  in  Figure  2,  where  the  constraint  is  imposed  via  the  full- 
rank  MxK  matrix  filter  W5  and  the  conventional  beamformer  Wc.  The  GSC  reduces  the 
dimension  of  the  observation  data  by  the  number  of  constraints,  and  for  the  angle  constraint 
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Figure  2:  Tapped-deiay-line  form  of  the  GSC. 


case  of  interest,  Af  =  s  -  1.  The  signal  blocking  matrix  filter  must  satisfy 

tf  u  =  0,  (4) 

where  Ti  is  the  row  of  W5  and  u  is  an  unity  row  vector.  For  a  minimum  variance, 
distortionless  response  the  K  xl  vector  Wc  and  the  KJ  x  1  vector  Wc  are  given  by 

Wc 


Wc  =  ;^u,  Wc  = 


The  GSC  then  implements  the  unconstrained  LMS  algorithm 


(5) 


W(i  +  1)  =  W(i)  +  py(t)Xs(fc). 


(6) 


where 


Xsik)  =  \WsXi(k)  WsXiik) 


WsXj(t)]  =  W5X(*). 


(7) 


Ws  is  a  MJ  X  KJ  block  diagtmal  matrix  composed  of  J  Ws  matrices  of  dimension  MxK, 
and  the  error  signal  is  the  array  output  (since  d(k)  =  0  in  Equation  1).  Extensive  details 
are  provided  in  [6]. 
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The  LMS  algorithm  in  Equation  6  is  an  iterative  solution  to  the  classic  Weiner-Hopf 
equation  for  the  optimal  (in  the  mean-square  sense)  array  weights  shown  in  Figures  1  and 
2.  If  Rxx  represents  the  correlation  matrix  of  the  data  vector  X  and  Rxd  represents  the 
cross-correlation  vector  between  X  and  the  desired  signal  d,  then  the  Weiner-Hopf  equation 
can  be  written 

Wapj  =  (8) 

The  optimal  solution  for  the  GSC  weight  vector  is  given  by  [4] 

W^t  =  (WsRxx  W5)  ■*  WsRxx  Wc,  (9) 

which  may  also  be  written  in  the  form  of  the  Wiener-Hopf  equation,  Equation  8: 

W,pi=Rj',Rx-i.  (10) 

with  the  GSC  correlation  matrix 

•Rxs  =  WsRjrxW5  (11) 

and  the  quiescent  response  vector 

Rx4  =  WsRxxWc.  (12) 

The  eigenstructure  of  the  Ilf  7  x  ilf  7-dimensional  spatio-temporal  correlation  matrix  Rxs 

determines  the  speed  of  convergence  oi  the  standard  LMS  algorithm  used  in  the  GSC. 

3  The  Orthogonal  LMS  Processors 

The  stochastic  gradient  algorithms  are  a  family  of  iterative  search  techniques  for  descending 
towards  the  optimal  weights  at  a  performance  surface  minimum.  Another  method  of  solving 
the  Wiener-Hopf  equation  is  to  estimate  the  correlation  matrix  (or  its  inverse)  and  the  cross- 
correlation  vector  at  time  k,  and  directly  plug  these  estimates  into  Equation  8.  This  method 
of  least  squares  is  termed  SMI  and  said  to  be  deterministic  or  based  on  the  observation  data 
itself,  while  the  LMS  algorithm  is  said  to  be  based  on  the  observation  statistics  [7].  The 
least  squares  solution  may  be  determined  recurnvely  using  the  matrix  inversion  lemma  and 
is  then  termed  the  RLS  algorithm.  As  will  be  shown,  a  better  characterization  of  the  least 
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■quaree  algorithm  is  that  it  is  a  form  of  LMS  which  requires  that  Equation  8  be  satisfied  at 
each  iteration,  while  the  conventional  LMS  requites  this  condition  only  in  the  linoit. 

Another  equivalent  description  of  RLS  is  that  it  incorporates  a  transformation  of  the 
input  data  such  that  the  weight  vector  update  points  in  the  direction  of  the  minimum 
mean-square  error  rather  than  in  the  direction  of  the  negative  gradient.  For  high  eigenvalue 
disparity,  the  LMS  algorithm  (assuming  that  the  initial  weight  vector  is  not  on  a  principal 
axis)  first  walks  in  the  direction  of  the  negative  gradient  imtil  it  reaches  a  principal  axis, 
and  then  proceeds  towards  the  minimum,  so  that  RLS  can  be  considered  more  efficient. 

3.1  Recursive  Least  Squares  and  the  LMS-Newton  Algorithm 

The  LMS-Newton  algorithm  [8]  is  equivalent  to  RLS,  where  LMS-Newton  utilises  an  a  pos¬ 
teriori  error  estimate  while  RLS  uses  an  a  priori  estimate.  Both  the  least  squares  algorithms 
and  LMS-Newton  will  be  termed  Orthogonal  LMS  (OLMS)  algorithms,  since  they  satisfy 
the  normal  equations  iteratively. 

The  OLMS  algorithms  take  the  form 

W(*  -I- 1)  =  W(t)  +  Kxx{k)X{k)eik),  (13) 

where  e(k)  is  the  error  signal  and  X(k)e(ib)  is  again  the  instantaneous  estimate  of  the 
gradient.  The  issue  at  hand  is  the  estimation  of  the  correlation  matrix  inverse  in  Equation 
13.  Assuming  ergodicity,  if  the  correlation  matrix  estimate  at  time  k  utilizes  an  average  of 
the  input  data  vector  outer  products  through  time  k,  then  the  estimate  is  said  to  have  infinite 
memory.  It  is  also  the  best  unbiased  estimator.  However,  in  a  non-stationary  environment, 
this  would  lead  to  poor  tracking  c^abilities,  since  the  memory  of  the  last  environment  is 
embedded  within  the  estimate.  For  this  reason,  an  exponential  weighting  is  often  used  to 
place  more  value  on  the  most  current  terms  and  less  value  on  the  older  memory. 

The  relationship  of  RLS  to  the  LMS-Newton  algorithm  has  been  examined  by  Widrow 
[9],  where  both  are  referred  to  as  first-order  adaptive  algcmtbms.  Consider  the  derivation 
of  the  RLS  algcnrithm  utilizing  the  exponentially  weighted  averages 

k  k 

Rxx(*)  =  5;A*-'X(/)X’’(/),  Rxd(fc)  =  X;^*‘'X(0<'(0;  0<A<1,  (14) 

Isl  Isl 

where  A  »  the  exponential  wdghting  factor.  The  recursion  of  these  estimates  may  be 


96 


achieved  by  evaluating  them  at  time  k  —  1  and  comparing  the  two  forms  to  yield 


Rxxik)  =  Xitxxik  -  1)  +  X(t)X’^(t),  tixiik)  =  XRxd(k  -  1)  +  X(i)d(fc).  (15) 


The  correlation  matrix  inverse  may  be  recursively  found  via  the  matrix  inversion  lemma, 
where  we  define  P(h)  = 


P(fc)  =  A'^P(fc  -  1)  - 


A-»P(b  -  l)X(fc)X^(t)P(b  -  1) 
1  +  A~iX^(i)P(i  -  l)X(i) 


(16) 


Introducing  a  vector  which  is  often  called  the  Kalman  gain  as 


K(fc)  = 


A-^P(t  -  l)X(b) 
l  +  A-iX^(i)P(t-l)X(4)’ 


we  find  that  the  matrix  inverse  recursion  becomes 


(17) 


P(k)  =  A-‘P(t  -  1)  +  A-»K(t)X^(fc)P(t  -  1).  (18) 

Through  the  rearrangement  of  Equation  17  and  comparison  to  Equation  18,  it  can  be  seen 
that 

K(t)  =  P(*)X(*)  =  Rxxikmk).  (19) 

The  least  squares  weight  vector  update  is  then  determined  by  the  Wiener-Hopf  equation 

W(i)  =  P(k)Rxdik) 

=  AP(*)R;r4(*  -  1)  +  P(i)X(4)d(i) 

=  P(t  -  l)Rxs(*  -  1)  -  K(i)X^(*)P(*  -  l)Rxd(t  -  1)  +  P(*)X(t)d(4) 

=  W(t  -  1)  -  K(*)X^(t)W(*  - 1)  +  P(t)X(t)d(fc) 

=  W(it-1)  +  K(lr)a(i),  (20) 


where  the  a  priori  error  a(k)  is  given  by 

o(*)  =  d(*)-X^(*)W(t-l),  (21) 

and  via  the  substitution  of  Equation  19  into  the  last  term  of  20,  we  find 

W(t)  =  W(*  -  1)  +  Ri!r(t)X(*)a(*).  (22) 
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Whether  the  weight  vector  in  Equations  20  and  22  is  determined  at  time  i  or  i  +  1  by 
Rxx(^)  Rx4(t)  is  the  difference  between  RXS  and  LMS-Newton;  RLS  chooses  W(k) 
and  LMS-Newton  uses  W(i  -f  1).  Thus  the  LMS-Newton  algorithm  takes  the  form 

W(t  -H)  =  W(t)  +  Rxx(Wk)e(k),  (23) 

where  the  standard  LMS  a  posteriori  error  estimate 

e(k)  =  d{k)-X'^ik)Wik)  (24) 

is  used  to  form  the  gradient  estimate.  Note  that  both  Equations  22  and  23  are  in  exactly 
the  same  form  as  Equation  13. 

The  primary  advantage  of  the  OLMS  algorithms  is  that  they  provide,  under  the  as¬ 
sumptions  of  stationarity  and  ergodicity,  better  convergence  characteristics  than  those  of 
the  standard  LMS  algorithm.  This  is  due  to  the  transformation  of  the  observation  data 
via  its  pre-multiplication  by  Rjrx-  Assuming  stationarity  and  ergodicity,  the  convergence 
behavior  of  OLMS  algorithms  may  be  summarised  [7]  as: 

1.  The  weight  vector  is  convergent  in  the  mean  and  converges  in  the  norm  almost  linearly 
with  time. 

2.  The  algorithm  converges  in  the  mean  square  in  about  2M  iterations,  where  M  is  the 
number  of  taps  in  the  TDL. 

3.  The  mean-square  a  priori  error  converges  to  the  minimum  mean-square  error,  yielding 
the(»«tically  no  misa4ju8tmait. 

It  is  empharized  that  the  least  squares,  or  OLMS,  algorithms  are  dnived  from  recurrive 
forms  of  SMI  which  directly  solve  the  Wiener-Hopf  equation.  The  form  of  the  solution  is 
exactly  a  steered  LMS,  where  the  update  is  transformed  via  a  rotational  operator  to  point 
in  the  direction  minimum  mean-squared  error  as  opposed  to  that  of  the  negative  gradient. 

Through  the  compariscm  of  Equation  1  with  Equations  22  and  23,  it  is  clear  that  the  sole 
differmce  between  the  OLMS  algorithms  and  LMS  is  the  pre-multiplication  of  the  weight 
update  correction  term  (the  gradient  estimate)  by  the  inverse  of  the  correlation  matrix. 
As  previously  mentioned,  this  is  a  rotational  operator.  The  improvement  in  the  q>eed  of 
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convergence  realized  by  OLMS  algorithms  and  their  relative  invariance  to  the  eigenvalue 
spread  of  the  correlation  matrix  may  now  be  explained.  The  LMS  weight  vector  follows  a 
trajectory  proportional  to  (I  —  2pRxx)"  [!]•  The  OLMS  algorithms  replace  p  by  Rxx> 
the  tr^ectory  theoretically  converges  independent  of  the  eigenstnicture  of  Rxx  ■ 

3.2  The  Karhunen-Lo^ve  OLMS  Processor 

The  optimal  decomposition  of  the  matrix  Rx*  (Equation  11)  is  achieved  via  the  two- 
dimensional  Karhunen-Loeve  Transform  (KLT).  The  KLT  is  optimal  in  that  it  fully  decor¬ 
relates  the  data  by  compacting  the  energy  into  the  fewest  spectral  coefficients.  Note  that  in 
order  for  this  to  be  true  the  KLT  operator  must  operate  on  the  entire  stacked  vector  X5. 

To  see  the  utility  of  the  KLI*.  consider  a  Karhunen-Loeve  decomposition  of  the  spar 
tial  coordinates.  This  would  be  accomplished  by  the  M  x  Jlf -dimensional  KLT  operating 
upon  each  set  of  data  vectors  prior  to  their  time-delay.  The  block  denoted  Q  in  Figure 
3,  performs  the  spatial  KLT.  This  decomposition  would  ensure  that  the  spatial  dimension 
was  decorrelated;  however,  nothing  could  be  assumed  about  the  temporal  coordinates.  The 
resulting  spatio-spectral  correlatipn  matrix  would  have  diagonal  matrices  in  the  J  blocks, 
each  of  dimension  M  x  M,  that  formed  the  block-diagonal  of  Rx.  =  QttttR'XsQfsn 
Q«S{t  represents  the  spatial  KLT. 

The  KLT  could  also  be  performed  only  in  the  temporal  dimension.  This  is  depicted  in 
Figure  4.  If  the  equivalent  spatio-temporal  correlation  matrix  Rx5  was  formed  from  row- 
stacked  vectors,  then  the  result  of  the  temporal  KLT  would  be  the  diagonalization  of  the 
M  J  X  J-dimensional  blocks  on  the  block-diagonal  of  Rx,  =  where 

represents  the  temporal  KLT. 

Now  consider  the  complete  two-dimensional  KLT  operator  acting  upon  the  MJ  x  MJ- 
dimensional  spatio-temporal  correlation  matrix  Rxs-  The  result  would  be  the  complete 
decorrelation  (diagonalization)  of  the  resulting  matrix 

R-zs  =  Qtj«RxsQwii  (25) 

which  is  represented  in  the  general  form  of  Figure  5. 

Since  the  desired  signal  is  removed  from  the  lower  path  of  the  GSC  by  the  signal  blocking 
matrix,  the  error  signal  is  replaced  by  the  array  output  in  the  LMS  algorithm  as  described 
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Figure  3:  A  q>«ti«l-KLT  form  GSC  procewor. 
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Figure  5:  A  general  transform-domain  form  GSC  processor. 


in  Section  2,  and  the  corresponding  GSC  OLMS  algorithm  has  the  form 

W(*  +  1)  =  W(t)  +  K-i),ik)Xsik)y(k).  (26) 

The  transformation 

Z(*)  =  Q/cltXsC*)  (27) 

produces  the  diagonal  correlation  matrix  in  Equation  25,  and  the  transformation  domain 
OLMS  algorithm  takes  the  form 

W(t  -HI)  =  W(i)  -I-  RJ^Z(t)y(t).  (28) 

The  inversion  of  this  correlation  matrix  corresponds  to  MJ  scalar  inversions.  Hence,  the 
computational  complexity  is  greatly  reduced  for  the  matrix  inverse  operation,  but  the  formar 
tion  of  the  KLT  is  extremely  complex.  The  OLMS  algorithm  is  then  on  the  computational 
order  of  LMS,  plus  the  requirements  of  the  observation  data  transform. 

The  update  equation  for  the  KLT  OLMS  in  Equation  28  assumes  exact  knowledge  of 
This  follows  because  the  KLT  transformation  itself  requires  knowledge  of  Rx« ,  and 
Kzz  is  obtained  from  Equation  25. 

If  another  orthogonal  transformation  Q  is  used,  such  as  that  implied  by  a  Gram-Schmidt 
decomposition,  then  Kzz  is  not  known  a  priori.  Thus  Kzz  must  be  estimated.  Since  Rzz 
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is  diagonal  (because  Q  decorrelates  Xs),  then  Hzz  is  estimated  simply  by  estimating  the 
average  power  in  each  element  of  Z.  is  easily  obtained  with  MJ  scalar  inversions. 

3.3  K2Z  Viewed  as  a  Step-Size  Matrix 

It  is  noted  that  an  alternative  interpretation  of  Equation  28  is  that  of  the  standard  LMS 
algorithm,  where  the  transform  has  reduced  the  Jlf  J-dimensional  problem  to  MJ  decoupled 
scalar  LMS  weight  updates,  and  the  inverse  correlation  matrix  is  a  diagonal  matrix  of  optimal 
step-sizes  for  each  of  the  MJ  inodes.  The  KLT  is  unique  in  that  it  rotates  the  observation 
data  to  lie  on  the  principal  axis  of  the  mean-square  error  surface.  The  eigenvalues  then 
are  a  measure  of  the  distance  along  the  principal  axes  from  the  origin  to  the  observation 
data.  The  pre-multiplication  of  the  KLT  transformed  LMS  weight  update  by  is  then 
equivalent  to  choosing  the  step  size  for  each  decoupled  mode  such  that  one-step  convergence 
is  achieved. 

In  the  ease  of  an  arbitrary  orthogonal  transformation  Q,  R^z  Equation  28  becomes 
a  diagonal  step  size  matrix  fi(k)  that  we  create  using  power  estimates.  The  power  estimates 
can  be  made  using  a  single  pole  low-pass  filter: 

4,(*)  =  - 1)  +  (1  -  0)Z?,  (29) 

where  0  (such  that  0  <  <  1)  controls  the  bandwidth  of  the  filter  and  the  resulting  power 

averaging  time.  Then  the  diagonal  element  of  ii{k)  is 

where  a  is  a  scalar.  If  the  power  estimates  are  exact,  then  the  convergence  rate  of  the 
algorithm  is  indicated  by  the  eigenvalue  spread,  Xmai/^min,  of  the  matrix  fi{k)Rzz-  When 
Q  completely  decorrelates  Xs,  the  eigenvalue  spread  is  unity,  which  implies  the  fastest 
convergence. 

The  use  of  a  time-varying  step  rize  was  first  conridered  by  Griffiths  [10],  where  a  Gram- 
Schmidt  (GS)  decomposition  was  performed  on  the  input  data  vector.  This  approach,  how¬ 
ever,  does  not  provide  much  improvement  in  implementation  because  the  overall  complexity, 
due  to  the  use  of  the  GS  decomposition,  is  on  the  order  of  that  required  by  LS  methods. 
We  desire  to  obtain  improved  convergence  speed  without  the  need  for  such  computational 
cost. 
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Both  Compton  [11]  and  Lee  and  Un  [12]  have  examined  the  performance  of  the  DFT 
frequency  dcunain  algorithm.  Compton  concluded  that  the  TDL  and  DFT  structures  always 
perform  identically  in  his  analysis  of  single  and  multiple  channel  adaptive  filters.  His  work, 
however,  did  not  considv  the  Orthc^maiized  LMS  algorithms,  time-varying  step  sizes,  or 
full  two-dimensional  transform.  Lee  and  Un  realized  the  possibility  of  achieving  better 
convergence  properties  through  the  normalization  of  the  step  size,  as  have  Narayan  et  al. 
[13].  However,  both  of  the  latter  authors  restricted  their  analysis  to  single  channel  filters. 

3.4  Time- Varying  Orthogonal  Transforms 

The  direct  implementation  of  the  Gram-Schmidt  algorithm  serves  as  one  method  of  realizing 
a  completely  orthogonal  ngnal  set  to  serve  as  the  input  to  the  ad^tive  processor  [6].  The 
direct  GS  orthogonal  structure  using  the  LMS  algorithm  was  first  developed  by  Griffiths  [10] 
and  used  a  constant  step  size.  This  was  later  modified  by  Lee  et  al.  [12]  to  include  both  a 
time- varying  step  size  and  an  escalator  realization,  where  the  unit  lower  triangular  transform 
factorization  is  used.  Following  the  notation  of  [10],  with  the  extensions  of  [12] ,  the  structure 
may  be  realized  using  a  matrix  Q  which  is  composed  of  time-varying  coefficients,  and  the 
MJ  outputs  satisfy 

EMtM*)]  =  0,  m#n.  (31) 

The  matrix  Q  is  lower  triangular  and  composed  of  elements  qtj  which  may  be  represented 

as 

10-  0 
?a.i  1  • 

Q=  (32) 

1  0 

The  orthogonalization  procedure  goierates  the  orthogonal  output  Zm(k)  via  the  recursive 
relationship 

VmAk)  =  Xs^ik) 
ym,m(,k')  —  ^m(k) 

m— 1 

M*)  =  ^s^(k)^'^c^,n(k)zn(k);  2<m<(K-l)J,  (33) 

fisl 
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where  the  value  of  en.n  i*  dioaen  to  minimue  the  local  values  of  E  •  In  ccuynnc- 

ti<»i  with  the  method  of  padient  descent,  we  may  write 

+  1)  =  C,n.n(i)  +  (34) 

This  result  may  be  achieved  through  the  use  of  the  LMS  algorithm  to  update  the  adaptive 
coefficients  Cm,n 

Cm,n(^  ■+■!)“  ®m,n(If)  +  /*n(b)jfcn,n+l(^)*B(4)»  (^) 

where  Unik)  is  the  time-varying  step  sise  formed  in  the  manner  described  in  Section  3.3. 
The  matrix  Q  in  Equation  32  is  then  pven  by  (l-f  C)~^,  where  C  is  lower  triangular  with 
seros  on  the  diagonal  and  elements  eni,n-  The  orthogonality  in  the  GS  structure  is  complete 
after  the  convergence  of  the  ad^tive  coefficients  via  the  LMS  algorithm  in  Equation  35. 
The  GS  decompodtion  requires  —  l)/2  adaptive  coefficients  plus  the  MJ  noise 

cancelling  weights.  Hence,  the  cost  of  the  GS  processor  is  exactly  equal  to  that  of  SMI;  and 
as  Yuen  [14]  pointed  out,  so  is  the  performance. 

Griffiths  [10]  and  Lee,  et  al.  [12]  also  implemented  the  GS  via  a  lattice  filter  structure. 
This  structure  decreased  both  the  performance  and  the  complexity.  The  lattice  filter  re¬ 
quired  convergence  of  PARCOR  coefficients  prior  to  providing  an  wthogonal  output  and 
had  MJ  +  2M\J  —  1)  adaptive  coefficients  requiring  LMS  updates. 

4  Approximations  to  OLMS  via  Time-Invariant  Or¬ 
thogonal  IVansformations 

The  suboptimal  transfimn  of  the  observation  data  may  not  result  in  the  complete  decorrela- 
tkm  of  the  transformed  data  vector.  Therefore  Kzz>  and  hence  not  be  diagonal. 

The  step  sise  matrix  tt{k)  defined  in  Equati(»  30  may  still  be  viewed  as  an  estimator  of 
Ris,  where,  since  ii(k)  is  diagonal,  error  is  clearly  incurred  in  the  estimates  of  off  diagmal 
elements.  The  decorrelating  quality  of  the  trandbrm  Q  directly  determines  the  quality  of 
this  estimator. 

In  this  paper  we  indicate  the  decorrdating  quality  of  Q  with  a  quantity  termed  the 
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efficiency  >;■  17  is  defined  as  the  eigenvalue  spread  of  the  matrix  MKzz,  where 


M  —  ct 


(36) 


Very  early  in  the  history  of  ad^tive  array  research  many  investigators  examined  fre¬ 
quency  domain  LMS  filters  [15,  16,  17].  The  frequency  domain  transformation  is  usually 
implemented  with  Q  being  an  invertible  matrix  composed  of  the  Discrete  Fourier  Transform 
(DFT)  or  the  Discrete  Cosine  Transform  (DCT)  coefficients  which  operate  in  an  identical 
manner  upon  each  ta|>ped  delay  line.  The  initial  research  in  this  area  was  limited  to  the 
analysis  of  the  temporal  transform  LMS  algorithm  with  a  constant  step  sue.  Compton  [11] 
then  published  a  report  which  showed  that  this  frequency  domain  structure  performance 
was  identical  to  that  of  the  t«q>ped-delay-line  processor,  again  utilizing  a  fixed  step  size 
in  the  LMS  algorithm.  Subsequently,  many  other  researchers  began  examining  the  use  of 
transform  domain  adaptive  filtering  for  narrowband  single  channel  ipplications  which  «m- 
sidered  the  use  of  time-varying  LMS  step  sizes  [12, 13, 18, 19].  While  the  frequency  domain 
has  an  intuitive  ^>peai  as  a  method  of  improving  the  performance  of  wideband  adaptive 
arrays,  it  was  pointed  out  in  the  preceding  section  that  such  a  transformation  only  operates 
upon  the  temporal  domain,  and  this  transformation  is  sub-optimal  for  the  two-dimensional 
data  of  interest.  Hence,  in  this  section  we  will  consider  the  two-dimensional  implementation 
of  these  transforms,  resulting  in  a  spatio-temporal  frequency  subbanding,  which  in  effect 
reduces  the  wideband  array  problem  to  discrete  frequency  bins. 


4.1  The  Discrete  Fourier  and  Discrete  Cosine  IVansforms 


The  extensi<»i  of  transforming  the  observation  data  coupled  with  a  time-varying  LMS  algo¬ 
rithm  for  array  processing  was  first  introduced  luing  the  DFT  in  [20].  Hie  use  of  the  DCT, 
motivated  by  the  results  in  image  and  speech  compression,  was  then  presented  for  array 
processing  in  [6,  21,  22],  where  in  [22],  the  DCT  was  implemented  with  a  filter  bank  struc¬ 
ture.  All  of  these  transfonns  only  conndered  the  temporal  operator.  The  two-dimensional 
operator  was  first  introduced  in  [23],  with  the  DCT  again  providing  the  transformation. 
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4.1.1  Non-Separable  Two-Dimendonal  Operatcm 

The  non-wparable  twcMlimenrional  DFT  is  impkinented  upon  the  MJ-dimenskaal  signals 
present  prior  to  the  weighting  netw<»k  according  to 


Z„ 


or,  equivalently,  for  the  stacked  Jl/J*dim«isional  data  vectm  X5  at  time  k, 


(37) 


m^QDFT^sik), 


(38) 


where  ^  matrix  of  exponential  coefficients  which  realise  Equation  37. 

This  algorithm  has  the  additicmal  benefit  of  not  requiting  an  inverse  transform  to  obtain 
the  time  domain  output  [24]. 

The  Discrete  Cosine  l^ansform  has  the  computational  advantage  of  using  only  real 
numbers  to  provide  a  transf<»m  of  the  input  data.  Further,  recent  articles  m  the  literature 


(24, 13, 25]  reported  that  the  narrowband  single  channel  DCT  adiq>tive  filter  provided  better 
results  than  the  DFT  and  other  orthogonal  tranribrm  filters  fw  a  class  of  data  used  in  speech 
related  ^>plication8.  The  non-separable  two-dimensional  DCT  orthogonal  transform  is  given 


by 

«=» 

A  ZHiii  CO.  n#l, 

which  is  represented  at  time  k  by  the  Af  7-dimaisional  vector 


(39) 


m^QDCT^sik), 


(40) 


and  Qi>cr  >*  kiJ  x  MJ  matrix  of  real  coefficients  whidi  realise  Eqnatkm  39. 


4.1.2  Separable  Two>Dinieiisioiial  Operators 

The  t^ped  delay  line  of  the  GSC  at  time  k  has  M  spatial  oowdinates  and  J  temporal  coor¬ 
dinates.  Hence  the  data  m^  be  represented  by  the  Af  x  7  matrix  x-  ‘Ibe  two-dimensicHial 
transformation  of  this  matrix  may  be  accmnplished  by  operating  first  up<«  the  temporal 
dimension  and  then  spatially  upon  the  resulting  matrix.  Thus,  defining  th»  M  x  M  q>atial 
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and  J  X  J  temporal  DFT  and  DCT  matrices,  Q,oct>  Q»dw>  Q<oct>  the  transfmm 

domain  matrices  Zdft  ^dct  ^  given  by 

ZdfT  =  ^DCT  =  QtitcT^'^^^DCT- 

Column-stacking  the  matrices  Zorr  and  Zdct  yield  the  vectors  Zdft  and  ZocTt  re¬ 
spectively.  This  operation  may  be  simplified  through  the  introduction  of  the  Kronecker 
Products 

Qn/r  =  Qt£»M-  ®  Qsorr>  (42) 

and 

QoCT  —  Qtoer  ®  Q*i>ct» 

where  the  superscript  s  denotes  separability  and  the  0  operator  denotes  the  standard  Kro¬ 
necker  product.  Thus 

^DFri^)  =  Q1)/t^s(*)  and  Zj^cri^)  —  Qpct^sC*)-  (^) 

4.2  Dependence  on  Signal  Environment 

For  any  time-invariant  transform,  the  partitioning  of  the  spatio-temporal  frequency  domain 
is  fixed  in  the  selection  the  transformation.  Since  ideal  filters  are  not  realisable,  there  will 
be  sidelobes  in  the  passbands  of  a4jacent  filters.  Hiis  q>atio4pectral  frequency  ‘1>leeding” 
prevents  the  diagonalization  of  the  transfwm  domain  correlation  matrix  if  sufficient  jammer 
power  is  present  in  the  sidelobes  of  adjacent  filters.  That  is,  the  data  in  the  spatio-spectral 
bins  will  be  correlated.  Thus,  the  efficiency  q  of  the  transform  is  a  function  of  the  jammer 
signal  characteristics.  This  undesireabie  trait  is  not  correctable  afta  the  selection  of  the 
processes  transformation. 

5  Simulation  Results 

We  denre  to  find  transforms  which  exhibit  good  performance  improvements  for  a  wide 
range  of  signal  envirmiments  while  maintaining  computational  simplicity.  Tb  that  end  we 
ocMosider  the  DFT  and  DCT,  both  in  separaUe  and  n<m-sq>arabie  form,  in  the  next  section. 
We  assume  a  single  desired  signal  and  allow  a  angle  jammer  to  move  throu^  a  range  of 
frequaides  and  directions  of  arrival  in  order  to  see  how  well  each  transform  works  for  this 
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TU>le  1:  Simulated  Signal  Enviionm«it 
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clan  of  environments.  At  each  jammer  frequency  and  angle  arrival  the  environment  is 
assumed  stationary  and  the  convergence  the  adaptive  weights  is  examined  by  plotting 
the  efficiency,  or  the  eigenvalue  spread,  of  the  transformed  matrix  MRzz- 

Hie  analysis  of  a  GSC  form  array  composed  cfK  =  4  sensors  and  J  s  4  t^  per  filter 
is  cmsideted.  The  tsfiped  delay  line  has  a  spacing  of  A.  Therefore,  we  will  use  notation  of 
a  normalised  frequency  /n,  where  /n  =  1  indicates  a  frequency  of  1/A  Herts.  Hie  signal 
geometry  was  designed  such  that  one  desired  signal  and  one  jammer  impinge  upon  the  array, 
where  the  propagating  signals’  center  frequencies,  bandwidths,  and  powers  are  presented  in 
Tkblel. 

The  MJ  X  MJ-dimensional  DCT  and  DFT  matrices  were  determined  for  the  non* 
separable  and  separable  cases.  The  non-separable  transform  matrices  were  calculated  di¬ 
rectly  usiiig  the  standard  Afy-dimensional  transforms  on  the  stacked  data  vector  X,(k). 
The  separable  transform  matrices  woe  calculated  by  first  finding  the  M  x  M  spatial  and 
JxJ  temporal  transform  matrices  Q,  and  Qt,  respectively.  Then,  the  separable  and 
Qdft  are  fwined  by  using  the  Kronecker  product  of  the  temporal  and  spatial  transform 
matrices,  given  by  Ql,cr  -  Qiocr  ®  ^dft  -  Q»i„.r  ®  “®” 

denotes  the  Krcmedier  product. 

Figure  7  displays  the  eigenvalue  spread  of  the  cmrelation  matrix  Rx,  •  The  eigenvalue 
qiread  is  minimul  at  0  degree  arrival  an|^e  due  to  the  fact  that  the  desired  signal  and  the 
jammer  are  both  impinging  the  arrs^  at  0  degrees.  This  can  be  explained  by  ccmsidering 
the  mean  squ«e  error  (MSB)  of  the  GSC  shown  in  Figure  6.  The  MSB  is  given  by 

^  =:  (wj  -  w2;,W5)H..(wJ  -  (45) 

where  p  is  the  array  output.  The  MSB  is  the  same  for  all  transforms.  We  observe  in  Figure 
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Figure  6:  MSE  (AppUcabte  to  all  the  'Eransfonm). 
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Figure  7:  Eigenvalue  Spread,  Identity  transform. 
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Figuie  8:  ESgenvalue  Spread,  Separable  DFT. 
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Figure  9:  Sgenvahie  ^tead,  N(ai^eq»araUe  DFT. 


8  that  the  MSE  is  a  maximum  at  cloae  to  0  degrees  angle  of  arrival  of  the  jammer.  This 
indicates  that  the  array  fails  to  distinguish  between  the  jammer  and  the  desired  signal  in  this 
region.  Thus,  both  the  jammer  and  desired  signal  are  blocked  and  only  noise  appears  in  the 
correlation  matrix  B-Xs-  resulting  rigenvalue  spread  is  minimal,  but  also  meaningless. 

The  maximum  eigenvalue  spread  in  Figure  7  occurs  in  the  regions  where  the  temporal 
frequencMS  close  to  0.5/n  and  angles  of  arrival  near  ±90  degrees.  Figures  8-11  display 
the  performance  measures  of  the  transformed  correlation  matrices.  It  is  obs^ved  that 
the  transformations  significantly  reduce  the  maximum  eigenvalue  spread.  While  the  non- 
separable  transforms  seem  to  give  the  best  performance  of  eigenvalue  spread  reduction  over 
the  separable  transforms,  both  give  significant  improvonent  over  the  identity  operator.  The 
DCT  also  outperforms  the  DFT  for  both  separable  and  non-separable  transforms. 

6  Conclusions 

The  transformation  of  the  observation  data  prior  to  ad^>tive  processing  provides  the  possi¬ 
bility  of  increasing  the  speed  of  convergence  of  the  LMS  algorithm  with  a  time-varying  step 
sise.  If  the  transformation  is  ci4>able  of  completely  decorrelating  the  observation  data,  then 
the  performance  of  OLMS  algcMrithms  is  obtained.  The  Gram-Schmidt  LMS  decomposition 
provides  one  link  between  OLMS  and  LMS,  since  GS  LMS  yidds  cost  and  performance 
identical  to  that  of  OLMS.  Ihe  use  of  a  time-invariant  transformation  reduces  the  cost, 
and  the  performance  the  ad^tive  processor  beccunes  dependent  upon  the  efficiency  of 
the  transformation.  This  efficiency  is  environment  dependent,  so  the  choice  of  the  trans¬ 
formation  is  important.  Because  the  transformation  ccmserves  power,  it  does  not  by  itself 
alter  the  eigenstructure  of  the  correlatkMD  matrix.  It  is  only  by  combining  the  time- varying 
step-rises,  obtained  using  estimates  of  the  signal  power  in  spatio-q>ectral  bins,  with  these 
transformations  that  a  performance  improvement  can  be  realised. 

The  efficiency  of  the  transformation  applied  to  the  observation  data  determines  the 
quality  of  the  diagonal  inverse  corrdation  matrix  estimate  in  the  OLMS  algorithms.  If 
the  tranribrm  completely  decorrelates  the  observatimi  data,  then  the  transform  is  efficient 
and  the  quality  of  I^xx  **  excellent.  If  the  tranribrm  does  not  completely  decorrelate  the 
observstkm  data,  then  the  quality  of  Rxx  depends  on  the  degree  to  which  the  observation 
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dat&  is  <lec(»iel&ted. 

The  time-invariant  wthogonal  transforms  play  an  important  role  in  this  regard.  In  fact, 
the  standards  for  compression  in  imaging  and  video  are  baaed  on  the  DCT  time-invariant 
transformation  due  to  its  good  decorrelation  propoties  over  a  wide  range  of  processes  and 
the  fact  that  fast  transforms  exist  for  its  computation  [26]. 

Within  the  context  of  array  processing,  however,  the  efficiency  of  the  time-invariant 
transforms  are  a  function  of  the  jammer;  one  of  the  variables  over  which  the  array  designers 
have  no  control.  It  has  been  shown  that  the  DFT  and  DCT,  in  general,  are  capable  of 
reducing  the  eigenvalue  spread  of  the  resulting  correlation  matrix  when  coupled  with  a  time- 
varying  stepnze.  The  non-separable  DCT  provided  the  best  performance  of  the  transforms 
considered. 
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Abstract 

A  prototype  step  frequency  radar  measurement  system  is  used  to  synthet¬ 
ically  generate  picosecond  pulse  measurement  data.  This  system  is  useful  for 
the  nondestructive  evaluation  of  many  dvil  structures.  Quantitative  images 
of  the  scattering  objects  may  be  generated  from  the  time-domain  scattering 
data  employing  a  nonlinear  inverse  scattering  algorithm.  This  algorithm 
can  potentially  generate  a  very  high  quality  reconstruction  of  the  scatterer 
with  high  resolution.  However,  proper  calibration  in  the  measurement  system 
is  critical  to  the  success  of  this  technique.  We  discuss  three  separate  types 
of  calibration  used  in  the  system.  Finally,  some  reconstructions  of  scattering 
objects  from  measurement  data  collected  with  our  system  are  shown. 

1.  Introduction 

A  prototype  step  frequency  radar  (SFR)  syste’a  has  been  developed  to 
synthetically  generate  picosecond  pulse  data  similar  what  would  be  obtained 
from  an  impulse  radar.  The  intended  application  is  for  nondestructive  evalu¬ 
ation  (NDE)  of  dvil  structures  such  as  bridges,  roads,  tunnels,  dams,  build¬ 
ings  and  aircraft  runways.  A  nonlinear  inverse  scattering  algorithm  is  used 
to  process  the  microwave  data  and  reconstruct  a  quantitative  ima^  of  the 
scatterer  from  the  measurement  data. 

Our  nonlinear  inverse  scattering  algorithm  generates  a  computer  model 
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of  the  scattermg  objects  in  an  iterative  fashion  and  must  solve  a  forward 
scattering  problem  at  each  iteration  based  on  the  computer  model  [1].  This 
is  a  very  accmate  and  robust  method  of  reconstructing  the  object  and  can 
generate  a  very  high  resolution  image.  However,  high  quality  measurement 
data  is  required  in  order  for  the  full  capabilities  of  our  reconstruction  algo¬ 
rithm  to  be  realized  [2].  Therefore,  calibration  is  a  critical  issue  in  the  design 
of  this  system. 

There  are  many  calibration  steps  that  must  be  performed  in  order  to 
generate  high  quality  data.  We  roughly  categorize  the  calibration  into  three 
separate  and  distinct  stages.  The  first  is  the  calibration  of  the  measurement 
itself  in  order  to  account  for  reflections,  losses  and  phase  changes  in  various 
components  of  the  measurement  system  including  transmission  lines,  connec¬ 
tors,  directional  couplers,  switches,  etc.  The  second  calibration  stage  is  the 
determination  of  the  transfer  function,  or  impulse  response  of  the  antennas 
used.  Finally,  we  must  perform  a  calibration  between  our  computed  scatter¬ 
ing  solution  and  the  measurement  data.  We  discuss  these  three  calibration 
stages  in  more  detail  below. 

The  inverse  scattering  algorithm  used  is  discussed  only  briefly  here.  For 
a  detailed  description  of  the  inverse  scattering  algorithm  and  a  compari¬ 
son  with  other  methods,  see  [1,  3,  4,  5].  Instead,  attention  is  focused  on 
the  measTirement  system  design  and  calibration  issues.  Both  bistatic  and 
monostatic  measurement  configurations  may  be  used  and  we  compare  the 
two  approaches.  Finally,  we  show  some  object  reconstructions  from  data 
collected  with  our  prototype  measurement  system. 

2.  Overview  of  Measurement  System  and  Data  Processing 

An  HP-8510B  vector  network  analyzer  is  the  heart  of  our  measurement 
system.  The  network  analyzer  servers  as  both  transmitter  and  receiver,  s^ 
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arates  mcomizxg  from  outgoing  waves,  and  also  performs  various  signal  pro¬ 
cessing  functions  such  as  signal  averaging.  Data  is  collected  by  stepping  the 
continuous  wave  source  and  receiver  electronics  from  2.0  GHz  to  12.0  GHz  in 
steps  of  44.4  MHz  for  a  total  of  225  measured  frequencies.  Picosecond  pulse 
measurement  data  is  th^  generated  from  the  SFR  data  by  performing  an 
inverse  Fourier  transform  on  the  measured  data. 

A  sketch  of  our  prototype  SFR  measurement  system  for  collecting  mono¬ 
static  measurement  data  is  shown  in  Figure  1(a).  This  system  consists  of 
the  HP-8510B  network  analyzer  and  an  antenna  array  consisting  of  several 
broadband  antennas.  The  antenna  array  is  cozmected  to  port-1  of  the  net¬ 
work  analyzer  via  a  coaxial  transmission  line  and  port-2  is  not  used.  In 
practice,  we  use  a  single  antenna  here  and  manually  move  it  between  various 
locations  in  the  array. 

The  bistatic  configuration  is  shown  in  Figure  1(b).  For  this  case,  two 
antennas  are  used  and  are  both  moved  between  various  locations  in  the  array. 
The  transmitting  antenna  is  coimected  to  port-1  of  the  network  analyzer 
while  the  receiving  antenna  is  connected  to  port-2.  An  amplifier  is  inserted 
into  port-2  between  the  receiving  antenna  and  the  network  analyzer  in  order 
to  improve  the  signal-to-noise  ratio. 

A  block  diagram  of  the  various  steps  in  the  data  processing  used  to  recon¬ 
struct  the  scattering  object  from  the  measurement  data  is  shown  in  Figure  2. 
The  switdi  on  the  left  allows  the  choice  of  either  measured  scattering  data  or 
computer  generated  data  that  is  used  to  test  the  reconstruction  algorithm. 
The  algorithm  begins  with  specification  of  the  initial  parameters,  which  are 
usually  set  to  zero.  Using  the  current  computer  model,  forward  scattering 
data  is  generated  and  subtracted  from  the  measured  data.  This  difference  is 
then  used  to  compute  a  measure  of  the  residual  field  error.  If  the  diffo-ence 
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Figure  1:  Sketch  of  prototype  SFR  system  for  collecting  (a)  monostotic 
and  (h)  bistatic  measurement  data. 

is  below  a  specified  tolerance,  the  current  model  parameters  are  displayed  on 
a  gri^hics  workstation.  If  the  field  error  is  not  below  a  specified  tolerance, 
the  field  error  is  sent  to  a  conjugate  gradient  optimization  procedure  which 
returns  an  update  to  the  model  parameters.  The  process  is  repeated  until  a 
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Figure  2:  Block  diagram  of  processing  of  measured  and  computer  simulated 
scattering  data. 


convergent  solution  is  attained. 

A  layout  of  tlie  teansmitters,  receivers  and  object  grid  corresponding  to 
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Figure  S:  Arrangement  of  transmitters,  receivers  and  object  grid  in  bistaHc 
measurement 

the  bistatic  measurement  system  in  Figure  1(b)  is  shown  in  Figure  3.  The 
configuration  for  the  monostatic  case  is  the  same  exc^t  that  the  transmitter 
(T)  and  receiver  (R)  locations  in  Figure  3  are  r^laced  with  transceivers.  We 
assume  a  2-D  model  for  thi^  prototype  system.  That  is,  we  assume  that  the 
transmitters  are  infinite  line  sources  and  that  the  scattering  objects  extend 
to  infinity,  normal  to  the  page. 

3.  Measurement  System  Calibration 

For  monostatic  measurements,  the  measured  field  data  is  obtained  from 
an  network  analyzer  measurement.  We  first  take  a  field  measurement 
wirii  no  scatterers  in  place  and  then  take  a  second  measurement  with  the 
scatterers.  The  scattered  field  is  the  difference  of  these  two  measurements. 

There  are  several  ways  to  calibrate  an  Su  measurement.  The  most  com- 
m<m  is  periiaps  riie  3>term  calibration  model  using  a  riiort,  open  and  load. 
This  nonlinBar  nttodri  is  a  very  accurate  method  for  accounting  for  the  di* 
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rectivity  of  the  directional  couplers,  frequency  tracking  that  includes  factors 
such  as  the  gain  of  the  transmission  lines,  and  source  match.  However,  this 
nonlinear  calibration  model  is  very  sensitive  to  changes  in  the  measurement 
system.  We  found  this  is  not  a  very  good  calibration  method  for  our  pm- 
poses  because  we  were  forced  to  use  flexible  transmission  line  to  connect  the 
network  analyzer  to  the  antenna  array.  The  process  of  switching  antenna  el¬ 
ements  requires  connecting,  disconnecting  and  moving  the  transmission  line. 
These  small  changes  in  the  transmission  line  were  enough  to  cause  large  er¬ 
rors  in  the  measurement  data  when  a  nonlinear  calibration  model  was  used. 

Instead  of  using  a  3-term  nonlinear  calibration  model,  we  instead  chose 
to  use  a  1-term  linear  model  that  accounts  for  frequency  tracking  only.  For 
monostatic  measurements,  the  calibration  consists  of  simply  connecting  a 
short  to  port-1,  measuring  the  transfer  function  with  the  short  in  place,  and 
dividing  the  real  measurements  by  the  negative  of  the  transfer  frmction  with 
the  short  in  place. 

For  bistatic  measurements,  a  very  accurate  calibration  method  is  to  use 
a  6-term  model  consisting  of  short-openrload  measurements  on  each  port 
and  thru  measurements  in  each  direction.  However,  this  2-port  nonlinear 
calibration  suffers  from  the  same  problems  that  we  encountered  with  the 
monostatic  measurements.  Instead,  we  use  a  tracking  calibration  that  is 
obtained  by  connectmg  ports  1  and  2  together  with  a  thru  connector  and  de¬ 
termining  the  transfer  function.  The  real  measurements  are  then  connected 
by  dividing  by  the  thru  measurement.  This  tracking  calibration  would,  of 
course,  account  fm:  the  gain  of  the  anqflifier  on  port-2. 

We  suffer  a  loss  in  dynamic  range  by  choosing  a  linear  calibration  pro¬ 
cedure  over  a  nonlinear  one  because  we  do  not  account  for  many  systematic 
errors  such  as  losses  in  the  directional  couplers  and  multiple  reflections  be- 
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tween  the  source  and  antenna  ii^)ut.  However,  our  method  is  much  more 
robust  with  respect  to  changes  in  the  system  and  the  calibration  procedure 
takes  much  less  time  to  perform.  Our  approach  is  therefore  to  use  a  very 
simple  calibration  procedure,  but  use  high  quality  system  components  that 
have  a  minimal  amount  of  reflections  and  losses. 

4.  Determination  of  the  Antenna  Impulse  Response 

Another  important  calibration  procedme  is  in  determining  the  impulse 
response  of  our  antennas.  Since  we  are  planning  on  adding  more  transmit¬ 
ter  and  receiver  antenna  elements  to  our  antenna  array  in  the  future,  we 
wish  to  determine  the  impulse  response  of  each  antenna  individually,  rather 
than  the  cascade  of  two  antennas.  For  narrowband  antenna  gain  measure¬ 
ments,  one  would  measure  the  response  of  the  antenna  under  test  (AUT) 
and  compare  the  measurement  to  that  of  a  standard  gain  pyramidal  horn 
antenna.  Measuring  the  impulse  response  of  a  broadband  anteima  is  much 
more  diflicult  because  it  requires  determining  the  antenna  gain  over  a  wide 
bandwidth.  The  problem  is  that  it  is  difficult  to  find  a  single  standard  gain 
antenna  to  cover  the  entire  bandwidth.  For  example,  the  gain  measurement 
of  our  broadband  antenna  from  2  GHz  to  12  GHz  in  our  laboratory  would 
require  at  least  5  s^arate  standard  gain  antennas  and  we  would  still  have 
gaps  in  the  spectrum. 

To  overcome  the  difficulties  of  finding  standard  gain  horns  to  cover  the 
bandwidth  of  our  antenna,  we  devised  a  different  procedure.  We  instead 
used  a  matdied  pair  of  2-18  GHz  conical  horn  antennas.  The  new  procedure 
requires  three  separate  measurements.  The  first  involves  connecting  port-1 
and  port-2  t<%ether  inside  the  antenna  range  with  a  long  length  (20  feet) 
of  low  loss  ccModal  semi-ri^d  cable.  Next,  a  second  measuremmit  was  made 
with  the  two  matched  conical  horns  in  place.  This  allowed  us  to  determine 
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the  transfer  function  of  a  single  conical  horn.  Finally,  a  third  measinrement 
was  made  with  a  conical  horn  on  one  port  and  the  AUT  on  the  other  port. 
FVom  this  measurement  we  were  able  to  determine  the  transfer  function  of 
our  AUT. 

5.  Calibration  Between  Computed  Scattering  Solution  and  Mea¬ 
surement 

The  third  calibration  procedure  that  we  must  perform  is  that  between 
the  computed  scattering  solution  and  the  measurement  data.  This  agreement 
must  of  course  hinge  on  the  proper  modelling  of  the  problem  geometry  and 
physics.  Due  to  various  modelling  errors,  there  is  usually  an  arbitrary  gain 
constant  (independent  of  frequen^r)  and  time  odEEset  common  to  all  elements 
to  be  added  in  order  make  the  computed  solution  agree  with  the  measured 
data.  Presently,  we  a4iust  these  gain  and  ofEset  constants  by  measuring  the 
scattering  from  a  known  scatterer  at  a  fixed  position  and  tuning  these  pa¬ 
rameters  until  the  computed  solution  agrees  with  the  true  solution.  However, 
we  are  searching  for  a  better  method  to  perform  this  calibration. 

6.  Reconstructions  of  Data  Collected  with  Prototype  System 

To  demonstrate  the  capabilities  of  our  prototype  NDE  measurement  sys¬ 
tem,  we  collected  and  processed  the  microwave  scattering  data  from  a  bistatic 
measurement  of  two  metallic  cylinders.  The  cylinders  both  had  a  diameter  of 
1.0  cm  and  were  separated  by  3.2  cm.  In  Figure  4  we  show  the  reconstruction 
for  the  case  when  the  cylinders  were  al^ed  horizontally  and  in  Figure  5  we 
show  the  case  where  the  cylinders  are  aligned  vertically.  In  both  cases,  the 
two  cylinders  are  well  resolved  and  the  result  is  a  high  qualify  image  of  the 
two  scatterers. 

7.  Conclusion 

A  prototype  microwave  measurement  system  has  been  developed  using 
st^  firequency  radar  to  synthetically  generate  picosecond  pulse  scattering 
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Original  CH>ject 


•  • 


Shape  Function  Reconstructicm 


Figure  4-'  Original  object  and  shape  function  reconstruction  of  two  metallic 
cylinders  of  diameter  1.0  cm  aligned  horizontally  with  separation  3.2 
cm. 


Original  Object 


Figure  5:  Original  ol^ect  and  shape  function  reconstruction  of  two  metalHc 
cylinders  of  diameter  1.0  cm  aligned  vertically  with  separation  3.2  cm. 

data.  The  noeasiired  data  was  processed  using  a  nonlinear  inverse  scattering 
algcffithm  and  hi^  resolution  images  of  the  scattering  objects  were  obtained. 
Our  prototype  system  and  prelhninaTy  results  allowed  us  to  understand  many 
calibration  ismes  in  the  dedgn  ci  such  a  system. 

Onr  results  also  demonstrate  the  capabilities  of  microwave  tedinology 
and  nonlinear  inverse  scattering  as  a  m^ms  of  performing  NDE  on  certain 


Shape  Functitm  Reconstruction 
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dvil  structures.  We  plan  to  further  develop  both  our  measurement  system 
and  inverse  scattering  algorithms  in  ord^  to  image  larger  objects  with  a 
quicker  tmmaround  time. 
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ABSTRACT 

Analysis  of  the  efiect  of  orors  in  phased  array  antennas  is  very  well  understood  for  special 
cases.  Qosed  form  expressions,  curves,  and/or  tables  have  been  presented  in  the  literature 
to  cover  these  special  cases.  However,  ^ple  expresaons  are  not  available  for  all 
combinations  of  these  effects.  With  the  increa^g  performance  of  computers,  including 
desktop  systems,  Monte  Carlo  analysis  techniques  can  now  be  used  to  quickly  develop 
models  for  any  combination  of  error  coiufitions.  The  individual  contributions  of  each 
effect  can  be  isolated  from  the  others  and  cmnpared  in  statistical  foshion  as  an  aid  to 
optimizing  the  algorithms  used  in  the  opoation  of  the  phased  array.  This  type  of  analysis 
technique  is  also  useful  in  showing  the  effects  of  long  term  degradation  to  the  system  due 
to  component  fiulures. 

Specific  examples  from  three  different  types  of  arrays  are  presented  to  show  the  benefit  of 
Monte  Carlo  analysis  techiaques.  A  multiple  beam  phased  array  is  analyzed  to  determine 
optimum  quantization  level  and  function  for  amplitude  and  phase,  optimum  steering 
algoritlmi  for  forming  the  nailtiple  beams  and  minimizing  interaction  betweoi  beams,  and 
cmnposite  performance  with  aO  effects  combined.  Analysis  of  random  and  systematic 
errors  in  components  are  shown  for  a  ratfiometer  antenna.  Finally,  the  beam  steering 
algmithm  for  a  ^rherical  switched  bemn  antenna  is  optimized  with  the  use  of  Mome  Carlo 
methods,  and  the  component  tolerances  are  spedfied  based  on  the  same  analyds. 
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1.  INTRODUCTION 


Error  effects  in  phased  array  antennas  can  be  divided  into  two  types:  systematic  and 
random.  Quantization  errors  are  a  type  of  systematic  error  which  create  larger  sidelobes 
(quantization  lobes)  at  certain  ai^es  relative  to  the  main  beam  of  the  array.  Random 
errors,  typically  caused  by  tolerances  present  in  the  febrication  of  the  array  and  its 
components,  increase  the  energy  in  the  sidelobe  region  and  thereby  reduce  the  main  beam 
gain.  This  paper  presents  examples  of  Monte  Cario  techniques  for  analyzing  these  types 
of  errors. 

The  effect  of  quantization  errors  has  previously  been  analyzed  in  closed  form  for  single 
beam  phased  array  antennas.  Other  practical  effects  which  reduce  the  main  beam 
gain  are  relatively  easy  to  analyze  from  staiulard  array  analysis  techniques  which  use 
vector  addition  of  the  elements  in  the  fer  field.  Die  results  of  quantization  effects  for 
muhipie  beam  antennas  with  interaction  between  beams  is  dependent  on  the  steering 
algorithm  used.  For  these  antennas,  Monte  Carlo  methods  offer  an  efficient  technique  for 
evaluation  the  effects  of  quantization  and  even  optimiang  the  steering  algorithm  to 
minimize  these  effects. 

Random  errors  in  components  used  for  phased  array  fidirication  are  usually  governed  by 
allocating  the  maximum  phase  and  amplitude  deviation  at  the  element  based  on  the  deared 
maximum  root-mean-square  (RMS)  sidelt^  level.^>^»^  The  individual  contributions  of 
the  components  are  combined  in  root-sum-squared  (RSS)  to  obtain  the  element  deviation. 
However,  this  type  of  analysis  assumes  independent  errors  in  the  components.  Here  again, 
Moitte  Carlo  analysis  allows  a  detailed  understanding  of  the  rdationship  between  these 
types  of  errmrs  and  the  resulting  array  performance. 
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2.  MONTE  CARLO  METHOD 


The  Monte  Cario  method,  named  after  the  gaming  casinos  in  the  namesake  country,  is  a 
procedure  where  a  statistical  problem,  a  deterministic  problem  of  many  variables,  or  a 
combination  is  solved  by  running  a  large  number  of  trials  (simulations)  and  assessing  the 
performance  results  in  probabilistic  fashion.  One  early  paper  used  this  method  to  verify 
analytical  results  of  beam  pointing  error  in  phased  arrays;  the  computer  used  was  the 
femous  IBM  360!^  The  Monte  Cario  method  is  becoming  much  more  practical  and 
effective  as  the  power  of  desktop  computers  increases.  Since  the  effectiveness  of  the 
results  increases  with  the  number  of  trials  (roughly  as  the  square  root  of  N),  a  large 
number  of  simulations  must  be  performed  for  accurate  results,  especially  at  the  extremes 
of  the  probability  distribution  curves.  The  best  efficiency  is  obtained  by  using  sntaller 
numbers  of  trials  to  determine  gross  effects,  and  once  these  effects  have  been  mitigated, 
using  a  larger  number  of  trials  to  assess  the  final  impact  of  the  architecture  on  system 
performance. 

3.  MULTIPLE  BEAM  QUANTIZATION  LOSS  AND  ALGORITHM  OPTIMIZATION 

The  first  example  of  the  benefits  of  the  Monte  Cario  method  is  illustrated  by  a  multiple 
beam  transmit  phased  array.  The  requirement  for  this  antenna  is  to  transmit  a  single  signal 
to  several  users  with  the  EIRP  at  each  beam  determined  by  the  path  loss  to  the  target. 
Since  the  quantization  effiscts  are  deterministic,  but  the  number  of  variables  (beam 
positions,  number  of  phase  and  amplitude  bits,  algorithm,  etc.)  is  large,  the  Monte  Cario 
method  was  used.  Figure  1  shows  a  sample  radiation  distribution  plot  (RDP)  for  a  10 
beam  case.  By  comparing  the  probability  tfistribution  curves  for  the  reference  excitation 
(no  quantization)  of  a  random  set  of  beam  positions  (repeated  for  each  trial)  with  the 
buffed  curves  that  result  when  the  amplitude  and  phase  is  quantized,  the  effect  of 
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quantization  can  be  determined.  As  a  verification  of  the  approach  and  a  check  of  the 
accura^  of  the  coding,  a  single  beam  case  was  modeled  and  compared  to  the  values  given 
in  Skolnik  for  phase  quantization.^  The  single  beam  phase  qtiantization  effect  is  shown  in 
Figure  2.  Figures  3  and  4  show  the  multiple  beam  phase  and  amplitude  quantization 
effects  for  the  same  array  with  1024  elements  given  the  initial  beamsteering  algorithm. 

The  beamsteering  algorithm  must  consider  tltt  path  loss  to  the  user  and  position  of  the 
user  in  setting  the  phase  and  amplitude  wdghts  in  the  array.  Interaction  between  beams 
can  cause  a  change  in  the  desired  gain.  The  Monte  Carlo  method  offers  a  means  of 
investigating  the  cause  and  effect  relationship  between  algorithm  and  resulting  gain 
change.  The  initial  algorithm  assumes  relative  independence  between  beams  and  included 
a  margin  to  account  for  the  remaining  interaction.  The  curve  in  Figure  5  shows  a  low 
probability,  but  rather  large  chai^  in  gain  (extra  loss).  Investigation  of  this  effect  is  easy 
because  the  random  beam  positions  are  stored  and  the  effect  can  be  correlated  to  a  given 
case.  Further  analysis  revealed  the  potential  for  significant  improvement  in  the  algorithm 
through  consideration  of  one  type  of  interaction.  Figure  6  shows  the  benefit  of  this  new 
beamsteering  method  and  the  lower  required  mar^  to  offset  the  remaining  interaction. 

4.  CHARACTERIZATION  OF  RANDOM  ERRORS  IN  ARRAY  CONSTRUCTION 

Phased  array  antennas  are  constructed  of  elonents,  phase  shifters,  power  dividers,  and  for 
active  arrays,  amplifiers.  Like  aO  febrication  operations,  these  components  very  fi-om  unit 
to  unit  in  parameters  such  as  phase,  amplitude,  compression  point,  group  delay,  etc.  The 
Monte  Cailo  method  offers  a  practical  means  of  analyzing  the  effects  of  these  variations 
and  conversdy  q)ecifying  the  limits  on  the  variations.  One  advantage  of  Monte  Carlo 
techniques  over  the  typical  RSS  combining  of  errors  in  the  element  chain  is  that  the  actual 
probability  density  fimction  for  each  component  can  be  used.  This  can  be  especially  useful 
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when  analyzing  temperanire  gradients  in  arrays,  as  the  mean  and  shape  of  the  probability 
density  function  changes  with  temperature. 

The  Monte  Cario  method  was  used  to  analyze  the  random  phase  and  amplitude  effects  on 
performance  for  a  spacebome  radiometer  antenna.  The  performance  of  the  antenna  shown 
in  Figure  7  at  a  42  degree  scan  angle  was  evaluated  for  various  random  excitation 
amplitude  and  phase  errors  associated  with  the  fobrication  and  component  tolerances.  The 
results  of 200  Monte  Carlo  runs  are  shown  in  Table  1.  Three  bit  phase  shifters  were  used 
for  all  cases  in  this  analysis.  Based  on  the  results  in  Skolnik^,  the  use  of  3-bit  phase 
shifters  will  result  in  approximately  0.23  dB  loss  in  directivity  over  the  ideal  phase  case. 
The  first  entry  in  the  chart  ^ws  the  Monte  Carlo  simulation  result  of  0.21  dB.  Random 
phase  and  amplitude  errors  were  added  to  the  3  bit  quantized  phase  distribution.  This  data 
provides  a  concise  means  of  characterizing  the  antenna  so  that  the  system  performance  of 
the  instrument  can  be  analyzed. 


Table  1 .  Statistical  data  for  the  radiometo'  random  error  effects  are  summarized. 


CASE 

EXCITATION 

DlRECnVTTY 

PEAK 

PEAK 

PEAK  OF 

BEAMWIDTH 

EBROR 

LOSS 

SIDELOBE 

BEAM 

PARAMETERS 

LEVEL 

LOCATION 

LOCATION 

SIC  OF  FHS/AMP 

STD/MEAN 

STD/MEAN 

NOMINAL 

STD/MEAN 

(detJaao.) 

(dB) 

(dB) 

(degrees) 

1 

0/0 

.00/..21 

.O0/-\2A 

39.7 

0/42 

0/1.44 

2 

5/0 

Sai-25 

.17/.12.4 

39.649.8.44.4 

0/42 

0/1.44 

3 

HHBESIHHI 

.04/-.35 

.35/-12.2 

39.7.44.4 

0/42 

0/1.44 

4 

0/.05 

.05/-.22 

.14/-12.4 

39.7 

0/42 

0/1.44 

5 

O/.l 

.09/-.21 

.28/-12.4 

39.7 

0/42 

0/1.44 

6 

5/.1 

.11/..25 

.3S/-12.4 

39.649.8.44.4 

0/42 

0/1.44 

7 

10/.  1 

.11/-.34 

.45/-12.2 

39.7.44.4 

0/42 

0/1.44 

note:  The  quantizetion  directivity  loss  has  not  been  taken  out  which  is  approximately  21  dB. 
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5.  BEAMSTEERING  OPTIMIZATION  OF  A  SPHERICAL  ARRAY 

The  operation  of  the  Electronically  Steered  Spherical  Array  (ESSA)  has  been  previously 
described7>^  This  array  uses  cluster  switching  of  elements  on  the  sphere  to  alter  the 
beam  pointing  direction.  The  primary  steering  algorithm  uses  the  N  elements  with  the 
smallest  dot  product  between  the  desired  pointing  angle  and  the  element  location.  The 
number  of  elements  has  been  determined  by  analyzing  a  uniformly  illuminated  sphere  and 
determining  the  radius  at  maximum  gain.  However,  the  element  cluster  only  has  a  ciroilar 
shape  for  6  or  7  dements  at  the  first  incimnait  greater  than  one  element  depending  on 
whether  the  center  dement  defines  a  pentagonal  or  hexagonal  lattice.  The  Monte  Carlo 
method  pro^ddes  a  means  of  monitoring  the  gain  versus  number  of  dements  in  different 
r^ons  of  the  coverage  envdope.  Figure  8  diows  the  cover^e  reduction  for  the  ESSA 
antenna  vdien  the  number  of  dements  used  varies  fi^m  6  to  9.  The  optimum  number  of 
dements  in  the  beam  is  7  based  on  these  Monte  Carlo  cases. 

6.  CONCLUSION 

The  examples  in  this  paper  show  many  benefits  of  the  Monte  Carlo  method  in  phased 
array  analysis.  >)Yith  current  computing  resources  typically  available  to  the  antenna 
engineer,  this  technique  often  characterizes  the  practical  effects  of  both  deterministic  and 
random  variations  in  phased  array  parameters  with  less  human  effort  than  other 
approaches.  The  method  is  most  applicable  to  problems  involving  complex  interactions  of 
deterministic  and/or  rtmdom  variables. 
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Rgure  la.  Plot  shows  one  case  from  the  Monte  Carlo  anal^s  of  quantization  effects. 
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Probability  Distribution  ^  Probability  Distribution 


Phose  Quontizetion  Loss  (dB) 

Figure  3.  Phase  quantization  in  10  beam  anay  shows  larger  variation  due  to  interactions. 
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Probabflity  Kstribution 


I 
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AmpTitud*  Quantization  Loss  (dB) 

Figure  4.  Three  bit  amplitude  quandzadmi  io»  has  less  impact  than  phase  for  10  beams. 


DovioBon  From  Roquirad  QRP  (dB) 

Figures.  Oii^ial  bemiateerii^  algoritfam  shows  a  few  large  gain  d^radation  cases. 
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ProbobHity  Distrft>ution 


Oaviotion  From  Raquirad  BRP  (dB) 

I1gure6.  Modified  beam  steering  algorithm  mixuinizes  gain  degradation. 


Series  Resonant 
Waveguide  Feed 


RF  Input 


Phase  Shifter  (80) 


Figure  7.  This  80  array  modd  is  used  to  evaluate  nuKlom  phase  and  amplitude  errors. 
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Goin  Oegradotion  8elow  Minimum  (dB) 


Figure  8.  Number  of  dements  per  beam  inchidii^  errors  is  optimized  in  spherical  array 


DIGITAL  BEAMFORMING 
Warren  F.  Brandow  IV,  Lt  USAF 
William  R.  Humbert 

ABSTRACT 

Last  year  we  detailed  the  engineering  difficulties  involved  in  building  a 
digital  beamformer.  This  year  we  will  demonstrate  two  reasons  for  using  a 
digital  beamfonner.  First,  the  flexibility  provided  by  a  digital  beamforming 
system  will  be  demonstrated  by  providing  the  results  of  implementing 
(^errant  nonlinear  algorithms  such  as  adaptive  nulling,  super  resolution,  and 
array  correction.  Second,  the  accuracy  of  such  a  system  will  be 
demonstrated  by  error  analysis  and  correction.  Flexibility  and  accuracy  are 
two  very  desirable  attributes  of  today's  radar  and  communication  systems, 
and  with  the  cost  of  digital  beamfoiming  system  hardware  on  die  decline, 
sudh  hardware  should  be  affordable  in  the  near  future. 

I.  FLEXroHJTY 

Figure  1  shows  a  block  diagram  of  a  phased  array  antenna.  In  an  analog 
beamformer  the  data  is  not  easily  accessible  until  a^r  die  beam  is  formed. 
Because  information  is  digitized  before  the  beam  is  formed  in  a  digital 
beamformer,  data  is  accessible  both  before  and  after  the  beam  is  formed. 
This  enables  the  user  to,  in  effect,  sample  and  gain  information  about  the 
environment  This  brings  the  antmna  engineer,  unfortunately,  into  die  arena 
of  array  signal  processing. 

As  a  distinguished  antenna 
engineer  whom  we  met  at 
Allerton  last  year  put  it 
"These  days  Aey  just  stick  up 
a  dipole  and  process  the  hell 
out  of  it!" 

There  are  many  nonlinear, 
well  understood  algorithms 
that  are  applicable  to  digital 
beamfoiming.  We  will 
demonstrate  two;  sample 
matrix  inversion  (adaptive 
nulling),  and  the  MUSIC 

algoridim  (super  resolmion).  FiQUflEi 
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It  is  not  our  intention  to  discuss  the  theory  of  these  algorithms,  but  their 
practical  implementation. 

First  we  will  demonstrate  sample  matrix  inversion.  This  algorithm 
involves  sampling  the  environment  and  building  a  covariance  matrix. 


(1) 


where, 

the  covariance  matrix 
N-  the  number  of  time  samples 
j-  the  time  index 

complex  conjugate  transpose 
Xs  the  signal  vector 

Once  the  covariance  matrix  is  obtained,  the  weight  vector  which  will  null 
unwanted  jammer  signals  is  given  by: 


where. 


(2) 


W=  the  weight  vector  diat  will  null  jammer  signals 
the  covariance  matrix 

S=  the  weight  vector  that  points  in  the  direction  of  the 
desired  signal 

The  object  of  adaptive 
pattern  nulling  is  to  place  nulls 
in  the  direction  of  jammers.  To 
test  this  algorithm  we  placed  a 
jammer  at  -12  degrees. 

Because  the  we  were  testing 
Applebaum's  algorithm,  the 
environment  was  sampled  with 
the  desired  signal  o^.  After 
running  the  SMI  algorithm,  we 
turned  the  jammer  off,  the 


FI0URE2 
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(tesiied  signal  on,  and  took  an 
antenna  pattern.  Figure  2  is  what 
it  looked  like.  As  you  can  see, 
there  is  a  null  in  the  direction  of 
the  janux^r,  but  it  is  not  as  deep 
as  we  expected  it  to  be.  This 
result  seemed  to  imply  that  we 
were  not  completely  nulling  the 
jammer,  so  we  measured  the 
actual  power  of  the  jammer  after 
the  beam  was  formed,  before  and 
after  adapting.  That 
measurement  indicated  the 
jammer  signal  was  attenuated  56  dB,  or  the  full  dynamic  range  of  the 
antenna. 

This  apparent  discrepancy  was  resolved  by  Hans  Steyskal.  He  pointed 
out  that  our  jammer  signal  does  not  consist  of  simply  a  plane  wave,  the  way 
it  does  in  computer  simulations,  but  multipath  from  the  jammer  as  well.  The 
SMI  algorithm  nulls  out  the  total  received  jammer  signal.  When  we  took  the 
antenna  pattern  with  the  desired  signal  on,  the  illumination  came  from  a 
different  direction  and  hence  the  total  received  signal,  including  multipath, 
wasdiffemt.  Therefore  it  was  not  nulled  entirely.  To  verify  this,  we 
concluded  that  if  we  measured  the  antenna  pattern  with  the  jammer  on  and 
the  desired  source  off,  we  should  get  the  nice  deep  null  in  the  direction  of 
the  desired  signal.  Hence,  Figure  3.  Figure  4  is  die  same,  but  with  two 
jammers. 

One  handy  feature  of  a  digital  beamformer  is  the  ability  to  change  the 
weight  vector  almost  instandy. 

Hiis  makes  it  easy  to  apply  or 
change  an  amplitude  taper. 

Whra  we  tried  to  adapt  to 
jammers  and  use  an  amplitude 
taper,  the  taper  didn't  work. 

Hiis  is  because  the  noise 
eigenvalues  of  die  covariance 
matrix  are  not  equal,  as  they 
are  in  most  conqiuter 
simuladons.  To  correct  this 
problem,  we  diagonally  loaded 
die  covariance  matrix: 


FIGURE4 
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C  =  C+100*/ 


(3) 


where, 

0 

C=  the  covariance  matrix 
Is  the  identity  matrix 

Figure  5  shows  that  this 
an’ioach  was  successful  (20 
dB  Taylor).  However,  we 
all  know  that  you  don't  get 
something  for  nodiing,  and 
the  price  paid  for  good 
sidelobe  structure  is  about  3 
dB  of  null  depth.  At  first 
glance  this  doesn't  seem  like 
much,  but  it  can  be 
significant 

With  our  system  we  have  the  ability  to  An^litude  modulate  the  sources, 
and  actually  listen  to  the  real  time  ou^tof  the  beamfoimer.  We  can  do  this 
because  we  have  a  D/A  converter  at  the  output  of  the  beamformer  which 
feeds  a  speaker. 

When  we  doa't  use  diagonal  loading  and  listen  to  the  beamformer  output 
we  can't  hear  the  jammer  at  all  after  adapting.  Hie  jammer  has  been 
attenuated  down  to  the  thermal  noise  level.  When  we  do  use  diagonal 
loading  to  get  a  good  sidelobe  level  and  listen  to  the  ouqiut  of  the 
beamformer,  we  can  still  hear 
die  jammer  clearly  (even 
though  it  is  still  attenuated 
severely)  because  it  is  3  dB 
above  ^  thermal  noise. 

The  MUSIC  algorithm  is 
like  SMI  in  that  it  also  q 

samples  the  environment  and 
builds  a  covariance  matrix.  It 
then  uses  the  information  in 
the  covariance  matrix  to 
resolve  signals  that  are  closer 
than  a  beam  width  apart 


FIGURES 
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FIGURE  7 


Figure  6  shows  two 
signals  separated  by  less 
than  half  a  beam  width 
(1.7  degrees).  It  is  easy  to 
see  that  MUSIC  is 
superior  to  simply 
scanning  the  antenna.  i  -30 

Once  you  have 
information  about  the 
signals  incident  on  the 
antenna,  you  can  use  that 
information  for  other 
algorithms,  like  Dr. 

Mailloux's  Antenna 
Correction.  This  algorithm  uses  the  information  MUSIC  provides  to 
digitally  reconstmct  element  signals  that  are  lost  because  antenna  elements 
are  daniaged.  This  is  possible  because  MUSIC  will  still  work  with  damaged 
antenna  elements.  Figure  7  shows  an  antenna  pattern  with  3  elements 
damaged,  before  and  after  Dr.  Mailloux's  Antenna  Correction. 

Sampling  the  environment  and  adapting  to  it  is  a  clear  example  of  the 
flexibility  of  digital  beamfotming.  We  have  demonstrated  that  it  works  not 
just  in  computers,  but  with  real  data  as  well.  Furthermore,  the  theory  is  well 
understood  (by  array  signal  processing  engineers)  and  the  algorithms  are 
easy  to  implement 


n.  ACCURACY 

Figure  8  is  an  example  of  a 
digitally  sampled  time  signal. 
Both  irqrhase  and  quadrature 
components  are  shown.  Ideally 
both  components  would  be 
identical  (except  for  a  90  degree 
phase  shift)  and  centered 
around  zero.  In  reality  they  are 
not  Mathematically,  the  signal 
^ould  look  like: 


FIGURES 


S = i4  •sin((af)+i4  •cos(cof)*i 


(4) 
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But  in  reality  it  is: 


S  =  [i4«sm(<iM)+10]+[.8*i4«cos(a)r+2®)-10]*/  (5) 

In  addition  to  the  DC  offset  error,  the  Q  portion  is  not  exactly  90  degrees  out 
of  phase  nor  is  it's  amplitude  equal  to  the  I  portion  amplitude.  These  errors 
are  all  introduced  before  the  signal  is  digitized.  Once  the  signal  is  digitized, 
no  further  errors  are  introduced  (except  for  dynamic  range  limitations). 

Knowing  what  these  errors  were,  we  wanted  to  know  if  it  was  worth  the 
time  and  money  to  replace  hardware  and  correct  the  errors.  Lars  Petterson 
suggested  that  we  use  the  FFT  to  filter  out  the  error  effects.  By  setting  the 
baseband  frequency  to  15.625  Khz,  we  forced  the  errors  to  show  up  at 
different  frequencies  than  the  desired  signal  in  the  frequency  spectrum.  We 
then  zeroed  those  frequencies  corresponding  to  errors  and  performed  an 
IFFT.  Figure  10  is  a  comparison  of  antenna  patters  with  and  without  die 
errors.  Our  conclusion  is  that  correcting  these  problems  would  be  money 
well  sprat. 

Because  our  beamformer  is  a  9  bit  machine,  what  we  have  is  a  32 
element  antenna  with  accurate  and  reliable  9  bit  phase  shifters.  This  is  old 
technology.  We  could  do  much  better  with  today's  technology  (12  bits).  If 
you  combine  the  ability  to  correct  errors  generated  on  the  analog  side  of  the 
hardware,  with  high  accuracy  phase  shifters,  and  no  error  introduction  on  the 
digital  side  of  the  hardware,  you  can  see  the  potential  for  a  very  precise 
anteima  system.  We  have  demonstrated  that  such  precision  is  achievable  in 
a  real  digital  beamformer  both  by  simply  getting  the  hardware  to  work,  and 
by  error  correctioiL 


FIGURE  9 
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fflGH  TEMPERATURE  SUPERCONDUCTING  ANTENNA 
ARRAY  DEVELOPMENT 


Livio  D.  Poles,  James  P.  Kamey,  Edward  Martin,  Jeffiey  S.  Herd 

Rome  Laboratory,  Electromagnetics  and  Reliability  Directorate 
H^com,  AF.B.  Massachusetts 

The  devdopmoit  of  high-temperature  siq>erconducting  films  has  i^uuked  much 
interest  whlun  the  phased  array  antenna  community.  Using  superconducting  fiilms 
fi>r  the  RF  power  distribution  networic  of  large  array  amoinas  can  considerably 
reduce  ohmic  losses  and  hence  increase  antenna  efifidency.  In  this  p^>er  we  will 
discuss  the  results  of  our  design  process  adopted  to  produce  a  12  (91z,  sbcteen 
element  (4X4),  high-  tenq)erature  Yttrium  Barium  Copper  Oxide  (YBCO) 
superconducting  array. 

1.  INTRODUCTION 

Researches  have  proposed  [1,2,3]  using  superconducting  strip  lines  for  the  power 
distribution  networks  of  large  arn^  antennas  in  order  to  considerably  enhance  the 
array  efiBdency.  Lower  operating  temperatures  enhance  the  am^  antenna  noise 
figure.  These  boiefits  are  very  important  fi>r  ^)ace  borne  antenna  systems  vdwre 
RF  power  is  at  a  premium. 

2.  ARRAY  ANTENNA  ARCHITECTURE 

A  novd  multi-layer  4X4  element  rmocstrip  array  [4]  with  the  uf^rCT  patches  at 
room  temperature  sqrarated  and  thenasally  isolated  fix>m  the  superconducting 
lower  patdies  is  used  as  the  basic  antoma  design  ardiitectuie.  Figure  1  shows  the 
architectural  design  for  the  antenna  array.  The  stadced  patch  array  consists  of  three 
didectric  layers  which  are,  ficm  top  to  bottom,  a  quartz  superstrate,  a  vacuum  gap 
and  a  Lanthanum  Ahiminate  substrate.  Silver  radiating  patdies  were  deposited  on 
the  top  surfiice  of  the  quartz  window.  A  lower  network  of  power  dhidaa  and 
miaosttip  patches  was  patterned  on  the  top  sutfiu:e  of  tlw  LaAlOa  substrate  firom 
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a  thin  film  of  high  Tc  superconductor  (YBCO),  \«diile  a  sUva-  layer  dq>osited  on 
the  bottom  provided  the  ground  plane. 


UPPER  PATCHES  ON  QUART2 
LOWER  PATCHES  ON  LAalG^ 

_ SIDE  VIEW 


•AMnCHOLOCR 


TOP  VIEW 


Fig.  1  MICROSTRIP  ARRAY 


The  upper  patdies  are  ented  by  cqndtive  coupling  to  the  lower  patdies,  and  thus 
tnoadens  the  bandwidth  a  fiictor  of  five  over  that  of  a  an^e  patdL  A  multi¬ 
layer  qiectral  domain  Green's  function  was  used  with  the  method  of  moments  to 
design  the  microstrip  fised  network  and  antennas  [5].  Hus  approadi  models  aD 
mutual  cou|diiig  effects,  induding  sur&ce  wave  resmumce's.  For  sinq)licity,  the 
analysis  assumes  that  the  superconductor  has  infinite  conductivity.  This  qrpears  to 
have  been  suffident  for  the  modding  of  impedance  and  radiation  properties  of  the 
miCTOstrip  antennas  and  the  modal  phase  vdodty  and  duuacteristic  impedance  of 
the  microstrip  lines.  Several  4X4  arrays  were  designed  and  febiicated,  with  the 
lower  layer  feed  networks  fifericated  in  both  YBCO  and  silver  fin*  conqratison. 
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3.  CRYO-COOLER 

The  muhi-layer  microstrip  stacked  patdi  anay  was  mounted  inside  a  Janus 
continuous  transfer,  cold  finger  ciyostat,  shown  in  figure  2.  The  cryostat  has  two 
contiguous  compartments,  one  outside  the  cold  finger  and  one  inside.  The  inade 
compartment  is  used  to  transfer  the  cryogen,  winch  in  turn  cools  the  cold  finger. 


OWP" 


Fig.  2  ARRAY  ANTENNA  •  CRYOSTAT  ASSEMBLY 

The  outer  conqiartment  is  evacuated  to  provide  fiiennal  isolation.  The  LaAKb 
substrate  with  sup^conducting  power  (fivider  network  and  lower  patch  array  b 
mounted  on  a  brass  fixture  aduch  is  thermally  coupled  to  the  cold  finger.  Liquid 
hdium  is  transferred  fiom  a  storage  dewar  throu^  a  flexible  transfer  line  into  the 
inner  conq>artment  ofthe  oyostat.  The  cold  fiitger  cools  the  superconducting  array 
assonbly  by  conduction.  The  upper  patches  are  virtually  at  room  temperature  and 
are  thermally  sq»arated  fi’om  the  lower  patches  the  vacuum  giq>.  This  giq) 
asastsin  maintaining  the  requited  thermal  isolation  between  andbient  teiiq)aatures 
and  siq}erconducting  temperatures.  Fm*  the  jvoximtty  coupled  microstrip  antenna 
ardutecture  it  is  inqxMrtant  to  keep  the  distance  betweoi  the  upper  and  Iowa* 
miaostrip  patches  constant.  Predsdy  cut  tefltm  spacos  are  used  to  sqparate  the 
arrays.  Since  coding  causes  the  cdd  finger  to  shrink  in  loigth  by  1/32",  directly 
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attaching  the  Iowa-  array  to  the  cold  fingo*  is  not  feasible.  In  our  design  a  spedaUy 
devised  qning  assemUy  provides  the  compensation  for  the  inherent  cold  finger 
shrinkage.  When  property  des^ned  and  constructed  this  firing  assembty  keqts  the 
lower  array  in  cmitact  with  the  spacers  and  u|^  array.  To  attain  a  good  thermal 
transfia*  across  the  spring  assembly  the  lower  array  is  thermally  connected  to  the 
cold  finger  by  a  flexible  copper  We  braid.  A  tenq)erature  sensor  placed  on  the 
lower  array  mounting  fixture  monitors  the  lower  array  temperature  during 
measurement.  The  lower  array  power  divider  network  is  connected  to  a  standard 
SMA  probe.  \^ire  bondii^  is  used  to  connect  the  center  pin  to  the  lower  patdies 
and  power  dhnder  network.  Cryogenic,  stainless  sted  jacketed,  semi  ri^d  coaxial 
cable  (.085-  Dia.)  provides  the  RF  path  between  the  power  divider  netwixk  and 
the  hermetically  sealed  SMA  to  SMA  feed-tiuxxi^  connector. 


4.MEASUR] 
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Antenna  radiation  patterns  and  gain/bi  r.iwkith  measurements  were  peifi>rmed  with 
the  arn^  at  superconducting  temperatures.  Data  acquisitkm  time  was  minimired 
uting  a  fiilty  automated  measuremoit  ^stem. 


Ftg.  3  MEASUREMENT  CONHCURATION 
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The  am^  "tum-on"  and  "turn-off  tranation  temperatures  woe  nxHiitored  as  a 
function  of  time.  Figure  3  shows  the  measurement  setup  and  instrumentation  used 
to  perform  the  data  acquishioa  The  cryostat,  which  holds  the  proximity  coupled 
patch  array,  is  mounted  horizontally  on  the  antenna  positioner.  The  antenna  array 
is  accuratdy  placed  over  the  rotational  center  of  the  positioner.  The  oyogen 
dewar  and  cryostat  vacuum  punq)  are  mounted  to  the  poshiona’  and  move  with 
the  antenna  duriiig  measurement.  An  HP  computer  controls  the  SA  miaowave 
receiver,  SA  positioner/controUer,  HP  syntheazed  source,  and  reads  the  array 
tenqrerature  soism*.  During  the  measuronent  the  con^xiter  automatically  stores 
the  receiver  data  and  the  tenqrerature  of  the  antenna.  Isotropic  gain  vs.  fiequency 
of  the  array  is  measured  rdadve  to  a  standard  gain  horn.  Figure  4  shows  that  the 
measured  bandwidth  for  this  array  geometry  is -10%. 


Fig.  4  ISOTROPIC  GAIN  vs  FREQUENCY 


The  transiticm  temperature  of  the  am^  is  measured  vs.  time  by  mcmitoring  the 
received  power  udiile  recording  the  array  tenqrerature  at  om  nunute  intmvals. 
Kguie  S  shows  the  am^  "tum-on"  and  "turn-off  temperatures  as  a  fonction  of 
tune.  The  steep  transition  between  the  "tum-on"  and  "turn-off  temperatures 
indicates,  in  part,  a  good  quality  superconducting  film.. 
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Fig.  5  TRANSITION  TEMPERATURE 

A  wdl  b^ved  antenna  radiation  pattern,  taken  at  the  center  frequency  of  12.2 
CHIz;  is  shown  in  figure  6.  The  measured  isotropic  gain  fisr  this  array  is  14.8  dBi 
and  conqiares  wdl  with  predicted  results. 


Fig.  6  H-PLANE  RADIATION  PATTERN 


4.  CONCLUSION 

Erqperimeiital  measurements  of  the  fio*  fidd  radiation  patterns  show  excdloit 
agreement  with  inedicted  beamwidth,  directive  gain,  resonant  fioquency  and 
bandwidth  fi>r  the  broadside  and  seamed  beams.  Int^rating  the  proximity  coupled 
array  antenna  ardatecture  as  part  of  the  qyostat  has  diminated  the  need  for  using 
a  radtnae.  This  antenna-ciyostat  inqdementatkm  tedmiipie  couided  with  siqrerior 
antenna  perfimnance  make  this  emerging  antenna  tedmology  very  attractive  fr>r 
many  qpace  borne  antenna  qqdicatimis. 
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DEVELOPMENT  OF  A  DUAL  FREQUENCY  ARRAY  FOR 
ACTS  SMALL  TERMINAL 

Martin  L  Zimmerman 
Analex  Corporation 
Richard  Q.  Lee 

NASA  Lewis  Research  Center 
Abstract 

The  Advanced  Communicatfons  Technology  Satellite  (ACTS)  Is 
scheduled  to  be  launched  in  the  summer  of  1993.  Small  (less  than  1  m  in 
diameter),  ground-based  terminals  will  be  used  for  conducting 
experiments  involving  this  satellite.  The  Lewis  Research  Center  is 
developing  a  passive  array  that  could  serve  as  a  small  terminal. 

This  array  would  transmit  iinearty-poiarized  energy  in  the  29.0  - 
30.0  GHz  band,  and  receive  the  orthogonal  linear  polarization  in  the  19.2 
-  20.2  GHz  band.  The  array  uses  microstrip  patches  as  the  radiating 
element  An  FDTD  code  is  used  to  design  the  patch  elements,  as  weii  as 
the  beam  forming  network.  This  work  is  currently  in  progress.  Results  wiU 
be  presented  for  4-eiement  and  16-eiement  subarrays. 

1.  Introduction 

The  Advanced  Communications  Technology  Satellite  (ACTS)  is 
scheduled  to  be  launched  in  the  summer  of  1993.  The  purpose  of  this 
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satstHto  wtU  ba  to  demonstrate  communications  technology  in  the  Ka> 
band.  A  number  of  experiments  are  planned  with  ground  users.  Some  of 
these  experiments  will  require  a  small,  easily-transportable  grourxj 
station  that  will  operate  from  a  fixed  position.  A  ground  station  using  a 
smaM  (0.6  or  0.8  m)  reflector  antenna  designed  by  Prodelin  Corp.  for  a 
NASA  Lewis  research  program  is  being  constructed  at  the  NASA  Lewis 
Research  Center.  A  flat-plate,  passive  array  has  the  potential  to  be  much 
smaller  in  volume  (due  to  the  lack  of  a  teed  structure)  and  lighter  than  this 
configuration.  In  addition,  use  of  an  array  allows  the  power  amplifiers  and 
low  noise  ampllfieis  (LNAs)  to  be  dtetributed.  This  allows  the  use  of  lower 
power  amplifiers  (building  a  1  W  30  GHz  solid-state  amplifier  is  still  quite 
challenging)  and  makes  heat  dissipation  easier  to  martage. 

2.  Requirements 

The  uplink  to  the  ACTS  satelUte  is  at  29.2  GHz.  and  the  downlink 
is  at  19.2  GHz.  This  represents  the  largest  challenge  to  an  array  design, 
since  these  frequencies  are  separated  by  50%  in  bandwidth.  Since  the 
object  is  to  replace  the  0.6  m  reflector  antenna,  the  aperture  size  of  the 
array  should  be  of  the  same  order  of  magnitude.  With  a  1  W  power 
amplifier,  the  USAT  terminal  is  expected  to  have  30  dB  link  margin  in 
dear  wrattier  (most  of  which  is  needed  to  con^nsate  for  rain  fade  in 
foul  weather). 
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3.  Design 


One  design  method  would  be  to  use  separate  radiating  elements 
for  the  two  frequencies.  This  method  is  being  used  in  an  dipole/slot  array 
under  development  at  JPL  for  their  Mobile  Communications  Program. 
However,  since  the  uplink  and  downlink  use  orthogonal,  linear 
polarizations,  a  single  microstrip  patch  could  be  used  for  both  bands,  if 
each  set  of  edges  is  designed  to  resonate  at  one  of  the  pertinent 
frequencies. 

3.1.  Feed  Network 

Initially,  a  design  using  one  feed  network,  with  two  separate 
feedng  prints  on  each  patch,  was  investigated.  Unfortunately,  a  great 
deal  of  coupling  existed  between  the  two  modes,  making  it  difficult  to 
tune  the  resonant  modes  independently.  The  next  step  was  to  investigate 
the  use  of  separate  beanvfeediietworks  (BFNs)  for  transmit  and  receive, 
if  designed  well,  this  would  give  the  added  advantage  of  isolation 
between  the  receive  signal  and  the  much  more  powerful  transmit  signal, 
in  the  present  design,  microstrip  line  BFNs  are  used  for  both  frequencies. 
The  30  GHz  BFN  is  on  the  same  surface  as  the  microstrip  patches.  The 
20  GHz  BFN  is  located  on  the  underside  of  a  lower  substrate,  separated 
from  the  patches  by  a  ground  plane.  The  30  GHz  BFN  is  located  on  top 
because  the  quarter-wave  transformers  used  for  matching  the  2:1  power 
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dividsre  are  smaHar  at  30  GHz.  The  top  BFN  must  share  real  astata  with 
tha  radtating  patchas,  and  tharefore  has  lass  spaca  to  work  with.  Tha 
faad  stnjcturas  are  corporata  in  nature. 


3.2.  Faad  machanism 

Tha  uppar  BFN  fPads  into  tha  microstrip  patch  using  an  insat, 
cantar-fisd  mtcrostrip  Ona  (Fig.  1).  Tha  patch  is  cantar-fad  in  ordar  to 
raduca  coupling  to  tha  orthogonal  modas  of  tha  patch.  Tha  lowar  BFN  is 
oouplad  to  tha  patchas  using  rectangular  slots  in  tha  ground  plana.  Tha 
microstrip  Unas  are  again  cantarad  with  raspact  to  tha  patch  in  ordar  to 
raduca  coupling  to  tha  orthogonal  modas  of  tha  patch.  Tha  slot  is  offSat 
towards  tha  patch  adga  in  ordar  to  achiava  a  battar  match.  Slot  coupling 
is  much  aasiar  to  manufacture  than  proba-faadng,  aspadally  at  Ka^and 
frequandas.  Onca  tha  saparata  substratas  are  atchad,  thay  are  aJignad 
and  attachad  with  bonding  film.  Tha  substrates  used  here  are  10  mil 

RT/Duroid  5880  (Sr »  2.2)  with  3001  bonding  film. 

Based  on  work  done  at  JPL\  adjacent  alamants  are  fed  out  of 

phase.  This  is  achieved  by  feeding  opposite  edges  of  adjacent  patchas 
(Rg.  2).This  is  compensated  for  by  putting  a  1 80*  phase  delay  on  ona  of 
each  pair  of  patchas.  Tha  result  should  be  that  tha  refarence-polarization 
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energy  for  each  pair  of  {Miches  should  add.  while  the  cross-polarization 
energy  should  cancel  out,  increasing  crossiX)l  isolation. 

4.  Results 

The  design  process  started  with  analyzing  a  single  racSating 
patch.  A  Rnite-Oifferance  Time-Domain  (FTDT)  code  was  used  for  this 

analysis^.  FDTD  allows  for  effects  such  as  coupling  between  patches  and 

slots  to  be  modeled  without  the  delays  associated  with  buikfing  and 
testing  antennas  repeatedly.  Different  feeding  mechanisms  were 
examined  until  the  design  set  forth  in  the  previous  section  was  settled 
upon.  Using  the  data  generated  by  the  FDTD  code,  it  is  possible  to 
determine  the  return  loss  and  far-fieid  pattern  of  the  antenna  under  study. 
Once  a  final  design  was  settled  on,  the  patch  was  fabricated.  Return  loss 
was  verified  using  an  HP  8510  network  analyzer,  and  for-field  patterns 
were  measured  in  the  Lewis  far-field  test  facility. 

The  design  process  was  then  repeated  for  a  2  x  2  array  (4 
elements).  Two  element  spadngs.  10  x  10  mm  and  10x12  mm  were 
studied.  Once  it  was  determined  that  the  10  x  10  mm  2x2  element  array 
was  well-matched,  a  4  x  4  (16  element)  array  was  constructed.  In  this 
case,  due  to  the  large  amount  of  time  needed  to  analyze  the  antenna 
using  FDTD.  the  measurements  were  performed  first  At  the  time  of 
writing,  FDTD  analysis  of  4  x  4  had  not  been  done. 
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4.1.  Single  Element 


FDTD  predicted  return  loss  of  *16  dB  at  19.2  GHz  and  -22  dB  at  30 
GHz.  When  measured,  the  return  loss  was  -33  dB  at  20  GHz  and  -36  dB 
at  30.95  GHz.  The  difference  in  resonant  frequency  between  FDTD  and 
measurement  is  due  to  discretization  errors  that  result  from  FDTD 
(^mntizing  tfistances  into  multipies  of  the  grid  size.Based  on  these 
results,  the  narrow  edge  of  the  patch  was  increased  slightly  in  order  to 
lower  the  resonant  frequency  of  the  receive  band.  This  slight  effect  was 
included  in  later  designs  but  could  be  modeled  with  FDTD  without 
changing  the  grid  size,  which  was  rat  desired.  U^ng  a  near-field  to  lar- 
field  transform,  directivities  of  4.1  dB  at  19.2  GHz.  and  4.4  dB  at  30  GHz 
were  predicted.  Measured  patterns  were  in  agreement  with  predicted 
results. 

4.2. 2  X  2  Arrays 

Two  2x2  designs  were  tested.  One  design  used  a  1 0  x  1 2  mm 
spacing  and  the  other  used  a  10  x  10  mm  spacing.  Both  designs  worked 
well,  but  since  the  10  x  10  mm  spacing  was  chosen  for  the  4  x  4  array, 
only  results  for  this  array  are  shown. 

For  the  receive  band.  FDTD  predicted  a  return  loss  of  -25  dB  at 

19.1  GHz  with  a  bandwidth  (return  loss  less  than  -10  dB)  from  1 8.9  to 

19.2  GHz.  For  the  transmit  band.  FDTD  predicted  a  double  null  with  -28 
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dB  at  30  GHz,  and  return  loss  less  than  -10  dB  from  29.4  >  30.5  GHz  and 
31.6  •  32.1  GHz.  The  receive  band  was  measured  at  -18  dB  at  20.2  GHz 
with  bandwidth  from  1 9.4  -  20.4  GHz.  For  the  transmit  case  (for  which  the 
patch  size  had  been  slightly  adjusted),  the  measured  return  loss  was  -36 
dB  at  29.7  GHz  with  bandwidth  from  29.4  -  30.0  GHz. 

The  predicted  receive  far-fieid  pattern  had  directivity  -  9.9  dB  at 
19.1  GHz  (Rg.  3,4).  Radiating  efficiency  (ratio  of  energy  in  main  feed  to 
forward  radiated  energy)  was  75%.  The  isolation  between  the  receive 
and  transmit  feeds  was  -47  dB  and  the  front/back  radiation  ratio  was  6.1 
dB  (due  to  radiation  by  the  coupling  slots).  The  predicted  transmit  far-field 
pattern  had  (firedtvity  »  10.6  dB  at  30  GHz  (Rg.  5.6).  Radiating  efficiency 
was  80%.  Receive/transmit  isolation  was  -26  dB  and  the  front/back  ratio 
was  13  dB.  Rgures  3-6  compare  the  predicted  and  measured  patterns. 

4.3. 4x4  Array 

The  10x10  mm  spacing  was  used  for  the  4  x  4  (16  element)  array. 
At  the  time  of  writing,  only  measured  results  exist  for  this  array.  The  return 
loss  for  the  receive  band  was  less  than  -1 0  dB  from  1 6.8  GHz  1 1 9.5  GHz 
and  a  frequency  sweep  in  the  far-fieid  range  showed  radiation  to  be 
strongest  in  the  19.2  ^  19.9  GHz  range,  in  addition,  transmission 
measurements  were  taken  between  the  feed  points  for  the  receive  and 
transmit  BFNs.  Transmission  was  below  -30  dB  in  the  frequency  bands  of 
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interest  and  averaged  about  <40  dB.  The  ref-pol  and  cnoss<pol  patterns 
are  shown  for  the  phi «  0*  cut  (Rg.  7)  and  the  phi  >  90*’  cut  (Rg.  8).  The 
highest  sidelobe  was  down  1 1  dB  and  the  cross-poi  isolation  was  20  dB 
or  greater.  Rgure  9  shows  the  360**  pattern  for  the  phi  >  0”  cut  The 
front/back  ratio  is  6  dB.  In  an  actual  array  based  on  this  design,  absorber 
would  be  needed  to  prevent  stray  signals  from  the  back  plane  from  being 
received. 

The  return  loss  for  the  transmit  band  was  less  than  -10  dB  from 
27.4  GHz  to  29.8  GHz  and  a  frequency  sweep  in  the  far-fieid  range 
showed  radiation  to  be  strongest  in  the  28.5  -  30.2  GHz  range.  The  ref- 
pol  and  cross-pol  patterns  are  shown  for  the  phi  -  0^  cut  (Rg.  10)  and  the 
phi  m  90^  cut  (Fig.  11).  The  grating  lobes  are  very  noticeable  in  the  phi » 
90**  cut  (6  dB  down)  but  are  down  16  dB  in  the  phi »  0**  cut  due  to  the 
narrower  element  pattern  in  this  plane.  The  highest  sidelobe  is  down  9 
dB.  The  cross-pol  isolation  was  at  least  18  dB  in  the  main  beam  region. 
The  360*’  far-field  pattern  is  shown  in  Rgure  1 2  for  the  phi «  0*’  cut  The 
front/back  ratio  is  25  dB.  This  means  that  the  absorber  necessary  for  the 
receive  portion  of  the  antenna  will  not  have  to  absorb  much  of  the  power 
radiated  by  the  transmitting  portion  of  the  antenna 

5.  Conclusions 

A  passive  subarray  for  use  with  the  20^0  GHz  communication 
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bands  has  bean  demonstrated.  The  transmit  band  matches  well  with  the 
ACTS  system,  but  the  receive  bandmalching  network  may  need  to  be 
adjusted  slightly.  A  4  x  4  module  has  been  shown  to  have  good  far-fieid 
patterns  in  both  bands. 

Cross'pol  isolation  was  not  as  good  as  that  demonstrated  by 
Huang^  This  is  probably  due  to  the  fact  that  Huang’s  antenna  was  probe 

fed,  which  means  that  the  cross-poi  energy  came  completely  from  the 
microstrip  patches,  in  this  design,  there  is  radiation  from  the  coupling 
slots  and  also  from  the  transmit  BFN.  which  is  on  the  same  surface  as  the 
microstrip  patches.  This  is  the  probable  cause  of  the  higher  cross-pol 
levels  predicted  and  measured.  However,  it  should  be  noted  that 
construction  of  a  probe-fed  Ka-band  array  would  be  extremely  difficult 
Huang’s  antennas  operated  at  1.5  GHz. 

Grating  lobes  are  noticeable  in  the  phi »  90”  cut  but  are  well 
separated  from  the  main  beam.  Since  it  would  be  difficult  to  reduce  the 
element  spacing  any  farther,  the  grating  lobe  level  could  only  be  reduced 
by  increasing  the  element  gain.  This  could  be  done  with  stacked  parasitic 
elements. 

Once  the  4  X  4  element  design  has  been  finalized,  the  next  step 
will  be  to  construct  a  16  x  16  element  array.  This  is  the  largest  such 
structure  that  can  be  fabricated  in-house.  The  eventual  goal  is  to  produce 
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an  array  unit  that  can  be  used  to  replace  the  reflector  antenna  presently 
used  in  the  Lewis  mobile  terminal  test  bed  (MTTB). 
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Figure  2.  Feeding  arrangement  for  reduction  of 


t  .• 


Figure  3.  Ptii»0*cutfor2x2  array  in  the  receive  band 


Rgure4.  phi  «90"  cut  for  2  x  2  array  in  the  receive  band 
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Figure  5.  Phi  >  (T  cut  for  the  2  x  2  array  in  the  transmit  band. 


Observation  angle  theta  (deg) 

Figure  6.  Phi «  90*  cut  for  the  2  x  2  array  in  the  transmit  band. 
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Obieivrton  anob  theta  (dap) 


Rgure  7.  Phi «  0”  cut  tor  the  4  X  4  army  in  the  receive  band. 


Figure  8.  Phi «  90”  cut  tor  the  4  x  4  array  in  the  receive  band. 
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Figure  10.  Phi «  0**  cut  for  the  4  X  4  array  in  the  transmit  band. 


Rgure  1 1.  Phi »  90*  cut  for  the  4  X  4  array  in  the  transmit  band. 
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SCANNING  CHARACTERISTICS  OF  STRIPLINE-FED  TAPERED 
SLOT  ANTENNAS  ON  DIELECTRIC  SUBSTRATES 


Daniel  H.  Sehaubert 
Electrical  and  Computer  Engifi*»*»riwg 
Umyersity  of  Massachusetts 
Amherst,  MA  01003 


Abstract 

Endfize  tapered  slot  autennas  are  a  dass  of  printed  antennas  that  of¬ 
fer  the  possibility  of  producing  wide-bandwidth,  wide-scanning  phased  ar¬ 
rays  that  are  compatible  with  int^rated  circuit  fabrication  and  assembly 
techniques.  Single  tapered  slot  antennas  fed  by  stripline  or  microstrip  can 
be  readily  designed  to  operate  over  bandwidths  exceeding  two  octaves  and 
arrays  have  also  demonstrated  wideband  operation  in  configurations  that 
permit  grating-lobe-firee  scanning  over  wide  angles.  However,  mutual  cou¬ 
pling  in  the  array  environment  has  a  dranaatie  effect  on  antenna  perfor¬ 
mance  and  many  developers  of  small  to  moderate  sise  arrays  have  observed 
impedance  and  pattern  anomalies  reminiscent  of  scan  blindness.  Few  exam¬ 
ples  of  these  problems  have  been  reported  in  the  literature  and  few  analyses 
have  attempted  to  assess  these  effects  and  to  develop  design  procedures  that 
eliminate  or  reduce  these  deleterious  effects.  This  paper  will  present  results 
from  one  such  numerical  study  that  is  attempting  to  determine  the  physical 
phenomena  that  underlie  the  most  catastrophic  of  these  effects,  i.e.  scan 
blindness.  The  behavior  of  the  antenna  arrays  is  quite  good  at  all  but  a  few 
isolated  frequency  bands  where  a  Uindness  appears  and  8weq;>s  through  a 
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range  of  scan  angles.  Some  of  the  results  obtained  so  fisr  indicate  that  the 
grid  spaongs  and  the  metalisation  pattern  of  the  antenna  are  of  primary  im¬ 
portance  and  that  the  dielectric  substrate  modifies,  but  may  not  drastically 
change,  the  performance  of  tapered  slot  antenna  arrays. 

1.  Introduction 

Elndfire  tapered  slot  antennas,  also  known  as  Vivaldi  or  notch  antennas, 
have  been  demonstrated  to  efficiently  radiate  wide-bandwidth  signals*  and 
to  provide  wide>axigle  scanning  capalnlity  in  wide-band  phased  arrays^.  The 
axe  unique  in  their  alulity  to  operate  efficiently  in  arrays  with  ele¬ 
ment  spadng  varying  ficom  less  0.2  wavdengths  at  the  lower  portion  of 
the  operating  band  to  appraximatdiy  0.5  wavdengths  at  the  upper  portion. 

Endfixe  tapered  slot  antennas  axe  ficequently  fiibricated  by  etching  a 
flaxed  slot  pattern  in  the  metalintion  of  a  microwave  substrate,  but  sdf- 
supporting  metallic  axe  used  also.  The  naxrow  slotline  at  the  antenna’s 
feed  can  be  coupled  to  a  variety  of  transmisdon  lines  induding  microstrip, 
stxipline  and  coax.  The  txanntion  at  this  point  is  important  for  achieving 
wide-band  operation. 

Single  dements  demonstrate  a  wide  VSWR  bandwidth.  Their  radia¬ 
tions  patterns  axe  very  broad  when  the  dements  are  dectxically  small  and 

/ 

are  moderatdy  directive  (beamwidths  30^-60**  are  common)  when  the 
dements  are  a  few  wavdengths  long  with  aperture  heights  of  one  or  two 
wavelengths.  The  polarisation  of  single  antennas  is  purdy  linear  in  the  prin¬ 
cipal  planes  if  the  antenna  structure  is  qrmmetric,  e.g.  a  bilaterial  dotline 
antenna  fed  by  strifdixie.  However,  xdativdy  high  levek  of  cross-pdarisation 
axe  observed  in  the  diagonal  planes*~^. 
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When  used  in  arrays,  mutual  coupling  between  tapered  slot  elements  can 
be  quite  large,  especially  when  the  elements  are  electrically  small  and  closely 
spaced  as  in  the  lower  portion  of  the  operating  band  of  a  typical  wide-band 
array.  Nonetheless,  the  antennas  can  perform  quite  well,  exhibiting  VSWR 
<  2  over  wide  bandwidths  and  scan  angles  with  active  element  patterns  that 
approximate  the  ideal  cos  6  shape.  The  polarisation  of  the  field  radiated  from 
large  arrays  mimics  that  of  single  elements,  i.e..  linear  in  the  principle  planes 
and  high  cross-polarization  in  the  diagonal  plane*.  Unfortunately,  however, 
arrays  of  tapered  slot  antennas  can  exhibit  scan  blindnesses.  Because  these 
blindnesses  are  so  catastrophic  to  array  performance,  it  is  important  that 
they  be  identified  early  in  the  design  cycle  and  that  corrective  action  be 
taken.  To  accomplish  this,  the  phenomena  involved  in  creating  the  blindness 
should  be  understood  and,  hopefully,  predicted  by  relatively  simple  means, 
as  for  micsostrip  arrays’. 

This  paper  presents  several  case  studies  of  single-polatized,  infinite  ar¬ 
rays  of  tapered  riot  antennas  with  and  without  didectric  substrates.  The 
studies  are  petfOTmed  by  using  method  of  moments  analyses  that  have  been 
developed  specifically  to  treat  these  tyi>es  of  antennas*’~*^.  The  goal  of 
the  studies  is  to  understand  the  fundamental  principles  that  determine  the 
behavior  of  these  antennas,  especially  scan  blindness,  and  to  characterize 
these  prindples  in  ways  that  allow  engineers  to  successfully  design  arrays. 
One  class  of  blindnesses  has  recently  been  characterized  in  this  way^*,  but 
other  blindnesses  remain  illusive.  However,  even  these  blindnesses  behave 
in  a  somewhat  predictable  aixd  case  studies  can  be  enlightening  to 

designers  who  must  deal  with  these  problems. 
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2.  Case  Studies  of  Scan  Blindness 

All  of  the  results  presented  here  relate  to  arrays  of  single-polarized  ele¬ 
ments  in  a  rectangular  grid,  an  example  of  which  is  depicted  in  Fig.  1.  The 
shape  the  radiating  elements  may  vary  from  that  depicted  and,  as  noted 
above,  the  antennas  can  be  fed  in  a  variety  of  ways.  Also,  self-supporting 
structures  without  dielectric  have  been  studied.  In  most  cases  they  behave 
similarly  to  a  printed  antenna  having  the  same  size,  shape,  and  grid  spacing. 

2.1.  B~plane  Blindness  When  a/Xo  >  0.5 

Scan  blindness  in  phased  arrays  results  from  mutual  coupling  effects  as  is 
well-known.  For  example,  the  active  reflection  coefficient,  ?•,  of  an  element 
in  an  inflnite  array  is*’ 

oe  oo 

mss^oo  fis—oo 

where  Cmn  i*  the  coupling  coefficient  from  the  dement  located  at  z  =  nus, 
y  =  ni  to  the  dement  located  at  z  0,  y  =  0,  A  =  2ir/Ao,  v  =  sin^e  cos ^0, 
V  =  sin  sin  aiid  (0o>  4o)  sk  the  beam  pointing  directions.  The  coupling 
factors  are  independent  of  scan  angle,  but  the  ea^Hmential  terms  in  (1)  dearly 
change  as  the  scan  angle  changes.  In  some  unfortunate  cases,  at  a  particular 
angle  or  set  of  angles,  the  terms  on  the  right-hand  side  of  (1)  add  together 
to  produce  a  reflection  coeffident  having  a  magnitude  of  one  and,  thus,  the 
array  is  ‘‘Uind”.  However,  it  is  sometimes  more  enlightening  to  view  the 
scan  blindness  as  a  forced  resonance  of  some  guided  mode  travding  across 
the  aperture  of  the  array.  In  the  work  of  Posar  and  Schaubert*,  this  p<Mnt 
of  view  led  to  a  rdativdy  amide  way  to  predict  scan  blindness  in  microetzip 
arrays. 
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For  tapered  slot  arrays  of  the  type  depicted  in  Fig.  1,  one  class  of 
blindnesses  has  been  identified  with  a  guided  wave  on  a  corrugated  surface 
derived  firom  the  array^^.  These  blindnesses  occur  in  the  E-plane  of  the 
array  and  exist  only  when  the  H-plane  separation  of  the  a4jacent  metalized 
antenna  surfaces  exceeds  Ao/2.  In  Fig.  1,  the  separation  a  —  t  must  be 
greater  than  Ao/2.  In  that  case,  an  eibctxic  field  having  a  y  component  (the 
dominant  polarization  of  the  array)  can  eadst  in  the  air-filled  re^on  between 
the  metalization  that  forms  the  antennas.  For  certain  critical  scan  angles 
in  the  E-plane,  this  field  takes  a  form  rimilar  to  that  of  a  parallri-plate 
waveguide  that  has  a  short-circuit  plane  at  z  =  —d  and  resonants  with  the 
m  =  — 1  Floquet  mode  in  the  exterior  r^on  to  create  a  guided  mode  of 
the  type  that  can  be  supported  on  the  corrugated  surface  in  Fig.  2.  The 
propagation  constant  in  the  y  direction  is  only  slightly  affected  by  the  shape 
of  the  antenna  slot,  so  the  angle  of  blindness  can  be  estimated  from  the  ideal 
corrugated  surface  depicted  in  Fig.  2,  i.e..  with  thin,  unbroken  corrugations 
of  depth  d  and  separation  a  —  t.  An  example  of  the  actual  angle  of  blindness 
and  the  angle  predicted  by  the  simple  guided  wave  model  is  shown  in  Fig.  3. 
Although  the  agreement  is  not  perfect  (indicating  some  loading  effects  on  the 
guided  mode  caused  by  the  antenna  slot),  the  trend  is  accuratdy  predicted, 
including  a  cut-off  of  the  mode  and  no  blindness  for  (a  —  t)/Ao  less  than 
about  0.55. 

ISirther  evidence  of  the  validity  of  this  simple  modd  for  the  blindness 
is  contained  in  Fig.  4,  where  actual  and  predicted  values  of  the  Uind  anj^e 
are  compared  for  a  ti4>ered  slot  antenna.  In  this  case,  the  prediction  is  seen 
to  be  reasonably  accurate  over  the  range  of  frequendes  where  the  blindness 
occurs.  This  structure  has  no  dielectric  and  is  fed  by  a  voltage  source  across 
the  narrow  portion  of  the  slot.  FfriaUy,  the  blindness  is  seen  in  Fig.  5  to 
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be  lelativdy  insensitive  to  the  thickness  and  pennittivity  of  the  substrate, 
which  farther  supports  the  theory  that  a  guided  wave  in  the  air-filled  re^on 
is  causing  the  blindness. 

It  has  been  observed  that  this  class  of  blindnesses  exists  only  in  the  £i- 
plane  of  the  array.  Furthermore,  since  it  only  occurs  for  a  —  <  >  Ao/2,  it  is 
not  important  for  arrays  that  scan  to  wide  an^es  in  the  H-plane  and,  thus, 
must  have  H-plane  spadngs  no  greater  than  Ao/2.  However,  this  blindness, 
which  occurs  very  near  to  broadside,  «».mi  be  a  severe  limitation  on  element 
spacing  for  arrays  designed  to  scan  only  in  the  E-plane  or  to  scan  mainly  in 
the  E-plane  and  cover  a  limited  sector  in  the  H-plane. 

2.2.  A  BUndnejs  for  Grid  Spacings  Less  Than  Ae/2 

The  example  presented  here  illustraies  a  blindness  that  occurs  for  grid 
spadngs  slightly  less  than  A«/2.  The  antenna,  which  is  ducted  in  Fig.  6, 
is  comprised  of  sdf-supporting  metal  fins  without  a  dielectric  substrate.  At 
0.448  GHs,  the  grid  spacing  of  this  array  is  about  0.48Ao,  an  Emplane  scan 
blindness  occurs  at  8  =  23”.  This  blindness  cannot  be  predicted  by  the 
simple  corrugated  surface  modd,  and  it  appears  to  be  somewhat  difiEsrent  in 
behavior  from  that  type  of  blindness.  In  particular,  the  array  is  essentially 
blind  over  a  portion  of  the  «  —  «  sew  space.  The  active  input  reactance  of 
the  array  is  plotted  in  Elg.  7  for  the  E-plane  and  two  intercardinal  planes. 
The  very  low  values  of  Ri^  indicate  that  the  array  is  essentially  blind  in  each 
of  these  scan  planes.  The  trajectory  of  the  blind  angle  in  tt  —  v  space  is 
shown  in  Fig.  8.  The  trajectory  follows  a  path  along  which  v  —  sinFo sind« 
is  approximately  constant,  which  allows  the  antenna  designer  to  estimate 
the  usable  scan  volume  after  determining  only  one  or  two  points  along  tb** 
trajectory. 


2.3.  Effect  of  Gape  in  Metatization 

When  fabric&ting  errays  of  antennas  integrated  with  active  modules,  it 
may  be  advantageous  to  construct  units  comprised  of  one  radiating  element 
and  its  assodated  active  components.  These  units  could  be  individually 
tested  and  then  plugged  into  a  backplane  distribution  network  to  form  the 
array.  A  ground  plane  with  openings  for  the  radiating  elements  would  com¬ 
plete  this  array  (see  F^g.  9),  which  could  be  repaired  quite  easily  by  replacing 
defective  units.  Parfitt  and  Griffin^^  have  recently  analyzed  an  array  of  this 
type  comprised  of  printed  dipole  dements.  Although  this  modular  construc¬ 
tion  allows  simpler  component  testing  and  repair  of  defective  elements,  array 
performance  may  deteriorate  significantly.  The  Smith  chart  plots  in  Fig.  10 
show  that  the  introduction  of  gaps  between  the  dements  causes  a 
to  appear  at  12.1  GHz.  As  with  the  other  blindnesses  reported  in  this  paper, 
the  metalization  is  more  important  than  the  didectric  substrate.  Changing 
the  rdative  permittivity  of  the  substrate  from  1  to  3.8  causes  the 
to  move  only  from  14.5  GHz  to  10.25  GHz  (Table  1). 


Table  1. 

Efibct  of  Didectric  Permittivity 

on  Blindness  of  CWSA 

«r 

Frequency  of  Blindness 

(GHz) 

1.0 

14.50 

2.2 

12.10 

3.8 

10.25 

6.0 

8.70 
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3.  Summary 

Although  axray*  of  tapered  ilot  antennas  can  potentially  operate  over 
wide  bandwidths  and  acan  to  wide  angles,  the  unsuspecting  designer  can 
easily  encounter  severe  anomalies  in  antenna  behavior.  This  paper  has  pre¬ 
sented  case  studies  that  illustrate  scan  blindness.  By  studying  these  and 
other  examples,  some  characteristics  of  the  arrays  can  be  determined  and 
some  design  guidelines  can  be  inferred. 

e  One  class  of  scan  blindnesses  is  associated  with  guided  waves  on  a  corru¬ 
gated  surface.  These  occur  in  the  E-plane  when  the  H-plane 

spacing  exceeds  Aa/2  and  they  can  be  predicted  by  a  MtnpU  model, 
a  Other  blindnesses  occur  for  grid  spadngs  leas  than  A«/2.  These  blind¬ 
nesses  depend  upon  grid  spacing  and  the  metaHsation  pattern  of  the 
antenna,  but  axe  not  strongly  dependent  on  the  dielectric  substrate, 
e  Gaps  in  the  metalisation  between  the  antennas  can  create  blindnesses 
and  should  be  avmded,  if  posable. 

FVirther  work  is  needed  to  characterise  the  performance  oi  taper  slot 
antenna  arrays  and  e:q>eriments  axe  needed  to  verify  the  characteristics  pre¬ 
dicted  by  the  numerical  studies. 
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Figure  1.  Portion  of  an  infinite  axregr  of  nni^y  polarised  tiqpered  riot 
antennas. 


•  •• 


T 


/////rJT7/////7^r///////J'7/////y'/777T 

I— a-t-H 


Figure  2.  Cocxugaied  surface  derired  firom  tapered  riot  array. 
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BlfaidAiig^e 


Blind  Angie  of  LT5A  Modd  2 


Blgnxe  4.  nequenqr  d^cndenoe  of  blind  aa^  fiar  a  tapered  dot  antenna 
azraj  ^tb  adfocappocting  fins,  t  m  0,  k  1.0.  Daxneadoos  axe  in  meters. 
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Figmce  5.  BSeet  of  lubtixaie  thittno—  mad  pennittiiity  for  stzipliiie-&d 
CWS A  ihown  in  Fig.  3. 


L84 


Aaieflia2 

HgDze  6.  PimentioM  in  meters  of  Bneady  tapered  slot  Mtenn*  (LTSA) 
dement. 


fi^wqiienCT  s  0.448  GHs. 


of  LTSA  shown  in  Fig.  6. 


HgttxeQ.  A  KhcnM  for  iMuldu^^i^pfsedilolaateiuimaxnqrtl^iiniig  modules 
unth  sqiMttaie  sobsisstes  for  esck  eatenna. 


186 


Flguxe  10.  biput  impedance  of  CWSA  aatenna  thown  in  Big.  3  at  =  10*, 
^  —  90*.  Cr  s  2.2,  t  =  04i  mm.  (a)  ContinnoQS  metalization  between 
dements,  (b)  O.l-mmrwide  gaps  separating  dements. 
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Abstract  Large  microstrip  arrays  exhibit  low  eflSciency  mainly  because  of  losses  associated  with 
long  microstrip  transmission  lines.  One  way  to  overcome  this  problem  is  to  replace  parts  of  the 
feeding  network  with  alternative  low  loss  transmission  lines,  such  as  the  waveguide.  The 
efficiency  of  the  array  is  also  partially  detenmned  by  the  efficiency  of  the  wav(^de>to>miaostrip 
transition.  In  this  paper,  a  new  wav^uide>to-miaostrip  transition  is  proposed.  By  using  the 
waveguide  instead  of  the  microstrip  line  as  a  primary  feeding  netwoik,  losses  are  reduced  and  also 
the  power  handling  curability  of  the  array  is  conaderably  improved. 


1.  Introduction 

In  the  past,  many  different  waveguide-to-microstrip  configurations  were  proposed.  Some 
of  them  are  shown  in  Figure  1 .  In  the  transition  shown  in  Figure  la,  a  microstrip  line  is  |%sically 
connected  to  the  ridge  of  a  single-ridged  wav^uide,  which  transforms  into  a  regular  waveguide. 
This  transition  exhibits  a  rdatively  good  SWR,  however  the  power  transfer  efficiency  is  low  and  its 
mechanical  characteristics  are  mar9nal(the  amotmt  of  pressure  imposed  by  the  ridge  on  the 
miax)strip  line  is  critical).  In  Figure  lb,  Ic  and  Id  the  ccnipling  is  achieved  by  an  iq)erture  in  the 
laige/transversal  wall  of  the  wav^;iude.  The  nuun  drawback  of  this  configuration  rerides  in  its  low 
coupling  level.  This  limits  the  af^licriiility  of  the  transition  which  can  be  used  only  in  very  large 
arrays,  where  the  required  coupUng-per-rieroent  is  compatible  with  the  power  coupling  levds 
repented  in  [1]. 

In  this  paper,  a  new  waveguide-to-microstrip  tranrition  is  presented.  The  measured  coupling  is 
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higher  than  ones  reported  in  the  past,  and  the  its  losses  are  shown  to  be  low.  Two  microstrip 
arrays  using  this  tranation  were  built  and  tested.  The  measured  characteristics  of  these  two 
antennas  prove  the  improved  performance  and  widen  the  applicativity  of  the  proposed  transition. 


2.  The  wavqpiidc-to-aiicrostrip  tnuuitHMi 

Similar  to  the  waveguide-to-microstrip  transitions  described  in  [1],  the  coupling  of  the 
improved  waveguide-to-microstrip  transition  is  achieved  through  an  aperture.  However  here,  the 
i4)erture  is  a  rectangular  slot  in  the  narrow  wall  of  the  waveguide  and  the  slot  axis  is  parallel  to 
the  waveguide  axis  (Figure  2).  This  geometry  is  similar  to  the  classical  waveguide  slot  arrays,  only 
in  this  case,  the  slots  are  used  as  a  means  of  power  transfer  rather  than  as  radiating  element.  A 
four-port  coupler  amilar  to  the  one  described  in  Figure  2  was  built  and  tested.  The  waveguide  is 
\VR7S  type  and  the  microstrip  line  is  a  500  line  printed  on  a  31  mil  thick  dielectric  substrate 
having  a  relative  permittivity  of  2.22  (Duroid  5880).  Two  cases  were  tested. 

1.  Port  n  terminated  in  a  matched  load  (S31  is  shown  in  Figure  3). 

2.  Port  n  terminated  in  a  short  (S3 1  is  shown  in  Figure  4). 

The  first  test  measured  the  coupling  plus  the  losses  of  the  transition,  and  the  second  test  to 
measured  the  transition  efficiency.  The  coupling  level  is  quite  constant  across  the  band  (here  10  to 
1 5  GHz)  and  does  not  exhibit  any  resonant  type  of  behavior  as  shown  in  [2].  For  this  particular  set 
of  parameters,  the  wav^uide-to-microstrip  coupling  is  found  to  be  about  10  dB.  This  level  of 
coupling  is  higher  than  the  one  reported  previously  in  the  literature  and  is  encouraging  since  h 
allows  the  use  of  wav^uide  as  feeding  networks  even  in  small  microstrip  arrays  vdiere  power 
handling  is  of  concern. 

Assuming  that  the  dielectric  losses  and  conductive  losses  are  very  small,  the  main  source  of  losses 
is  the  dot  radiation.  The  loss  of  this  trandtion  was  computed  from  the  S-parameter  measurements 
of  the  second  circuit  and  found  to  be  about  0.5  dB. 


L0SS  =  '-|silf-|s3lf-ls4lf 


(1) 
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3.  Applicatioiit 


A.  The  2x2  mkrostrip  array 

Two  2x2  microstrip  arrays  siinilar  to  the  one  shown  in  Figure  5  were  buih  and  tested:  one 
fed  a  microstrip  line  and  one  fed  by  a  w^vi^de  terminated  in  a  short  The  H-plane  patterns  of 
the  two  arrays  are  shown  in  Figure  6  The  patches  are  2.2x2.2  cm  and  are  printed  on  a  31  mO 
thick  dielectric  substrate  having  relative  permittivity  of  2.22  (Duroid  5880).  The  distance  between 
the  two  patches  (in  the  horizontal  plane  as  wdl  as  in  the  vertical  plane)  is  O.SxXq  The  wavquidc 
is  WR187  and  in  both  cases  the  slot  in  the  array  ground-plane  is  1  cmxO.  1  cm.  The  mioostrip  fed 
array  is  well  matched  at  4.46  GHz  and  the  waveguide  fed  array  at  4.38  GHz.  This  shift  in 
fiequen^r  is  due  to  the  different  contributions  of  the  feeding  transmission  lines  to  the  reactance  of 
the  transition  self  impedance.  As  in  other  slot  tranations,  this  one  has  the  equivalent  circuit  shown 
in  Figure  7,  where 

Yq  -  is  the  coupled  microstrip  self  admittance. 

•  is  the  aperture  (slot)  self  admittance  looking  in  the  microstrip  direction. 

-  is  the  aperture  self  admittance  looking  in  the  waw^ide  direction. 

Assuming  the  same  distribution  for  the  dectric  field  in  the  aperture  (non-resonant  slot),  the 
behavior  of  and  Y^^  in  this  case  is  identical  to  the  one  reported  in  [2].  The  difierence  between 
^aw  and  Ygf  in  [2]  seems  to  be  the  source  of  the  shift  in  fi«quency  mentioned  above.  These  two 
quantities  are  given  by; 


Sj«S»i« 

where  (j^(y,z;yo»2o)  (Af-microstrip  line,  JF-waveguide)  are  the  Green's  functions  associated 
with  the  feeding  transmission  lines. 
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The  backlobe  appearing  in  the  wav^uide  fed  array  is  due  to  diffraction  from  the  waveguide  flanges 
which  were  too  close  to  the  patch.  Unlike  in  the  microstrip  fed  array  where  the  slot  is  the  source  of 
the  back  radiation,  in  the  wav^ide  fed  array  there  is  no  direct  source  for  back  radiation. 

B.  The  2x4  microstrip  array 

In  this  case,  two  2x2  subanays  of  the  type  described  above  are  fed  in  series  by  a  WR187 
wavqiuide.  To  obtain  a  symmetric  excitation  of  the  two  subarrays,  the  length  of  the  slot  closer  to 
the  wav^iuide  excitation  is  about  10%  smaller  than  the  second  one.  The  distance  between  the 
centers  of  the  two  slots  is  Xg,  which  is  about  9.S  cm.  This  distance  is  three  times  O.SxXq  as  it  should 
be,  to  insure  equal  pacing  for  all  the  radiating  elements.  The  H-plane  pattern  is  shown  in  Figure  8. 

4.  Condusion  and  future  work 

A  new  waveguide-to-microstrip  tranation  was  presented.  The  coupling  levels  are 
considerable  higher  than  ones  previously  reported  in  the  literature.  This  transition  can  be  used  in  the 
integration  of  primary  feeding  network  with  microstrip  sub-arrays  increasing  the  array  efficiency  and 
power  handling  capabilities.  Two  microstrip  arrays  were  built  and  tested.  The  modeling  of  this 
transition,  which  is  currently  in  woric,  will  allow  a  detailed  design  of  such  an  anteniui. 
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a.  The  ridged  wav^ide 
transition 


b.  Slot  in  the  laige  wall  of  the 
waveguide;  the  microstrip  and 
waveguide  axes  are  parallel  [1] 


c.  Slot  in  the  transversal  wall  of  the 
wav^ide  [1] 


d.  Slot  in  the  large  wall  of  the 
wav(^de;  the  microstrip 
and  wav^ide  axes  are 
popendicular  [1] 


Figure  I  Waveguide-to-microstrip  transitions. 
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Figure  2  A  new  waveguid&'to-mio’ostrip  transiti(Mi. 
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Figure  3  Si3(»Si4)  when  Port  II  is  matched. 
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Abstract 

The  goal  of  neural  beamforming  is  to  develop  neural  network  processing  architec¬ 
tures  which  can  perform  aspects  of  digital  beamforming  with  imperfectly  manufactured 
or  degraded  phased-array  antennas.  Nenrsd  beamfonning  techniques  <^er  the  potential 
of  greatly  decreasing  manufacturing  and  maintenance  costs  of  phased-array  antenna 
systems  while  increasing  mission  time  and  antenna  performance  between  repair  ac¬ 
tions.  At  last  year’s  symposium,  we  introduced  a  neural  beamfonning  architecture, 
NBF,  based  on  adaptive  radial  basis  functions,  which  demonstrated  the  ability  to 
‘‘learn”  the  single  source  detection  function  of  an  8-element  array  having  multiple  un¬ 
known  failures  and  degradations.  At  that  time  we  bad  not  thoroughly  analyzed  the 
single  source  problem  space  to  insure  that  our  gradient  descent  approach  for  converg¬ 
ing  network  wughts  was  robust  at  finding  a  near-global  minima  in  the  function  space. 
In  our  subsequent  research,  we  have  developed  an  alternate  technique  to  exactly  cal¬ 
culate  these  weights,  using  an  LMS  (least  mean  square)  based  pseudo  inverse.  VVe 
incorporated  this  technique  into  a  new  network,  Linnet,  and  compared  it’s  overall 
performance  to  the  original  NBF  network  on  ten  sets  of  X-band  antenna  measure¬ 
ments  under  various  conditions.  We  present  an  analysis  of  the  weight-error  surface 
which  reinforces  both  our  hypothesis  and  our  empirical  results  that  the  NBF  network 
requires  very  few  iterations  to  converge  to  an  acceptable  solution.  We  also  present 
an  empirical  analysis  of  a  critical  network  parameter,  <r,  and  a  preliminary  technique 
which  shows  promise  for  predicting  the  optimal  value  of  this  parameter  in  the  future. 
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1  Introduction 


Standard  antenna  beamforming  algorithms,  such  as  monopulse,  require  highly  calibrated 
antennas  because  they  depend  on  antenna  elements  having  near-identical  behavior  and  per¬ 
formance.  These  algorithms  typically  do  not  adapt  well  to  uncalibrated  antennas  or  antennas 
with  system  or  element  degradations.  As  phased-array  antennas  become  larger  and  more 
highly  integrated  into  physical  structures,  the  production  and  maintenance  costs  to  achieve 
this  uniformity  become  increasingly  prohibitive  to  the  use  of  large  antennas  for  many  military 
and  civilian  applications. 

The  requirement  for  identical  elements  results  from  a  lack  of  adaptive  beamforming  al¬ 
gorithms  capable  of  managing  the  complexities  introduced  by  non-identical  elements  with 
unknown  behaviors.  Traditional  techniques  synthesize  aperture  behavior  as  a  mathemati¬ 
cal  combination  of  well-behaved  individual  el«nent  and  receiver  channel  behaviors.  Neural 
beamforming,  in  contrast,  attempts  to  approximate  overzdl  aperture  behavior  from  a  finite 
number  of  discrete  observations  of  that  behavior  under  varying  circumstances.  If  we  assume 
that  antenna  aperture  behavior  is  a  continuous  function,  it  is  theoretically  possible  to  model 
it  with  a  neural  network  trained  at  discrete  samples  of  points  along  the  function.  This  model 
can  then  be  used  to  predict  antenna  behavior  at  other  points. 

We  previously  presented  a  neural  beamformer,  NBF,  based  on  an  adaptive  radial  basis 
function  network,  which  was  successful  at  approximating  the  single  source  location  function 
with  measurements  from  a  degraded  eight-element  linear  X-band  antenna  [6].  Our  experi¬ 
mentation  with  that  network  led  us  to  question  whether  the  gradient  descent  function  used 
to  adjust  internal  network  parameters  was,  in  fact,  achieving  a  global  minima  in  the  output 
error  space  or  simply  falling  into  local  minima. 

In  thb  paper,  we  present  a  new  variation  on  the  NBF  network,  called  LINNET,  which  uses 
a  linear  algebra  technique  to  exactly  solve  for  one  set  of  internal  network  parameters,  instead 
of  an  iterative  gradient  descent  technique.  LINNET  uses  an  LMS-based  pseudo  inverse  to  solve 
exactly  for  the  output  weights  to  minimize  the  network  error  for  any  particular  training  set. 
By  developing  LINNET  and  comparing  it’s  performance  to  NBF  across  a  variety  of  antenna 
measurements,  we  were  able  to  qualitatively  measure  NBF’s  ability  to  converge  these  output 
weights  to  an  approximate  global  solution.  We  present  a  comparison  of  LINNET  and  NBF 
when  the  networks  are  used  to  locate  single  sources  at  1**  angular  intervals  after  being  trained 
with  samples  at  10**  intervals.  The  networks  are  compared  for  ten  measurement  sets  taken 
under  various  signal-to- noise  and  interference  conditions.  Our  results  indicate  that  NBF’s 
gradient  descent  performance  is  very  close  to  LiNNET’s  exact  solution. 

We  present  an  exploration  of  the  weight-error  surface  and  the  topography  of  a  typical 
weight-error  map.  The  shape  of  this  surface  confirms  our  hypothesis  and  our  empirical  re¬ 
sults  that  the  NBF  network  requires  only  a  few  iterations  to  converge  to  an  acceptable 
solution.  We  also  address  two  different  techniques  to  determine  the  optimal  <r  values  of  the 
Gaussian  radial  basis  functions. 
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2  The  Adaptive  Radial  Basis  Function  Network 


This  section  presents  a  brief  overview  of  the  Gaussian  radial  basis  function  neural  network 
architecture  used  with  the  eight  element  linear  phased  array  digital  beamforming  antenna 
for  adaptive  direction  finding.  More  detail  regarding  the  network  and  the  experiment  can 
be  found  in  a  previous  paper  [6]. 

This  experiment  is  part  of  a  larger  effort  to  achieve  real-time  processing  of  received 
antenna  signals  independent  of  antenna  dimension  or  antenna  degradation.  Other  research 
sponsored  by  Rome  Laboratory  indicates  that  this  goal  is  supported  by  incorporating  a  paral¬ 
lel  computer  into  phase-array  antenna  systems  to  process  antenna  element  information  in  par¬ 
allel.  Each  node  of  the  parallel  computer  would  receive  signal  information  from  one  or  more 
antenna  elements,  process  this  local  data,  and  said  the  output  to  a  global  processing  system. 

The  requirement  for  real-time  processing  independent  of  antenna  dimension  generated 
two  specific  guidelines  for  the  neural  network  architecture.  First,  it  is  desirable  that  the 
network  have  a  processing  delay  which  can  be  kept  constant  regardless  of  the  dimension  of 
the  inputs.  Second,  the  network  should  have  a  minimum  number  of  layers  (layers  defined  by 
computations  that  must  be  performed  sequentially).  Thus  as  the  number  of  inputs  increases 
(as  the  dimensions  of  the  antenna  increase),  the  size  of  the  network  layers  should  grow  at 
the  same  rate,  and  no  additional  layers  should  be  required. 

The  radial  basis  function  network  architecture  reportedly  satisfies  all  of  these  constrsunts. 
The  mathematical  basis  for  these  networks  stems  from  the  fitting  (approximation)  and  re¬ 
gression  capabilities  of  radial  basis  functions  [8,  10],  combined  with  a  feedforward  neural 
network  architecture  whose  single  “hidden”  layer  should  not  grow  faster  than  the  number 
of  inputs  [1,  7).  We  initially  chose  a  three  layer  network  architecture,  consisting  of  an  input 
layer,  a  hidden  layer  of  Gaussian  radial  basis  functions,  and  an  output  layer  whose  nodes 
compute  a  weighted  sum  of  the  outputs  of  the  hidden  layer  nodes.  A  diagram  of  this  network 
architecture  is  shown  in  Figure  1. 

As  documented  in  [9],  we  found  that  using  raw  antenna  measurements  (consisting  of 
either  inphase  and  quadrature  signal  components  or  the  eumplitudes  and  phases  of  the  sig¬ 
nal)  as  inputs  to  the  network  yielded  unacceptable  network  performance.  We  developed  a 
preprocessing  method  that  determines  the  phase-difference  between  radiation  received  by 
consecutive  array  elements  and  then  uses  the  sine  and  cosine  of  this  phase  difference  as  in¬ 
puts  to  the  network.  The  evolution  of  this  input  preprocessing  technique  is  discussed  in  [9]. 
With  respect  to  Figure  1,  the  input  nodes  broadcast  this  preprocessed  data  to  the  hidden 
layer  nodes. 

The  hidden  layer  performs  a  projection  from  the  input  space  X  into  a  space  denoted  by 

such  that  €  '9,  where  q  is  the  number  of  nodes  in  this  hidden  layer.  Each 

hidden  node  performs  a  mapping  [-1,  ij"  -+  R  given  by 

(1) 

where  n  is  the  number  of  components  in  each  input  vector,  (xi ,  xj, ..,  Xn )  €  .V  and  tl'i  denotes 
the  output  of  the  hidden  layer  node.  Based  on  the  analogy  that  each  xpi  represents  a 
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Figure  1:  Adaptive  Radial  Basis  Neural  Netioork  architecture,  as  used  in  the  Neural  Beam- 
former. 

Gaussian  function,  the  of  can  be  considered  as  the  diagonal  entries  of  the  covariance  matrix 
that  control  the  spread  of  each  Gaussian  “bump”.  Altemativdy,  a  linear  space  analogy 
would  be  that  these  Oi  are  weight  parameters  used  in  computing  a  weighted  norm.  That  is, 

rr  (2) 

where  x  and  m{  denote  the  vectors  whose  components  appear  in  Equation  1,  and  the  (r,- 
subscript  indicates  a  weighted  Euclidean  (£2)  norm. 

A  radial  function  is  one  whose  evaluation  depends  upon  a  radial  distance  from  a  given 
point  called  the  center  of  the  function.  For  ezurh  V’t  ,  ^  is  the  vector  denoting  this  center, 
with  components  given  by  (mn,mj2,...,n»m).  Thus  ||®  —  m,H*,  denotes  the  (weighted)  radial 
distance  firom  any  vector  x,  where  x  €  to  the  center  mj. 

EUich  output  node  computes  a  weighted  summation  of  the  values  generated  by  the  hidden 
layer  nodes,  that  is 

=  (3) 

where  the  Wij  values  are  termed  the  weights.  Thus  the  output  layer  maps  ^  — »  Y,  V  being 
the  space  of  all  possible  angular  directions  to  the  source,  where  (yi,  ys, ....  yr)  €  K  for  r  output 
nodes.  Hence  the  term  basis  in  radial  basis  function  network  indicates  that  the  output  lies 
in  the  linear  space  spanned  by  the  outputs  of  the  hidden  layer  nodes.  Note  that  the  output 
of  the  network  for  a  single-source  resolution  network  could  be  a  single  number  indicating 
the  angular  direction  to  the  source.  However,  since  a  future  goal  of  this  research  is  multiple- 
source  detection  and  resolution,  we  designed  our  network  so  the  output  consists  of  a  vector 
whose  components  repres«it  angular  “cells”.  The  output  values  of  these  cells  indicate  the 
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presence  and  strength  of  targets  within  those  angular  bins.  The  number  of  network  output 
nodes  therefore  limits  our  potential  angular  resolution. 

In  keeping  vrith  the  neural  network  paradigm,  the  determination  of  the  optimal  weights 
Wij  is  by  a  modified  gradient  descent  algorithm  known  as  ‘backpropagation’.  The  optimality 
criterion  is  a  least  mean  square  (LMS)  error,  where  the  error  is  the  difference  between  the 
actual  network  outputs  and  the  desired  network  outputs  for  all  of  the  training  samples.  Each 
training  sample  consists  of  a  measured  input  to  the  network  for  a  given  angle  to  a  radiating 
source,  and  the  corresponding  desired  network  output  for  this  angle.  The  radial  basis  function 
network  is  adaptive,  that  is  it  adds  hidden  layer  nodes  during  the  training  phase  whoiever 
the  network  performance  is  unacceptable  and  there  aire  no  hidden  layer  node  centers  located 
in  the  function  space  ‘close’  to  the  current  input.  Whenever  a  hidden  layer  node  is  added, 
the  center  rtn  is  set  equal  to  x,  the  vector  value  of  the  outputs  of  the  input  nodes  for  the 
input  that  yielded  the  unacceptable  performance.  The  new  weights  Wij  for  this  node  are 
set  to  values  that  force  the  network  output  to  be  within  an  acceptable  interval  about  the 
desired  output.  Each  <t,  for  the  new  hidden  node  is  set  to  an  initial  value  which  is  either 
predetermined  or  else  dependent  upon  the  ‘spacing’  of  the  input  vectors  (see  Section  4). 
Additional  details  regarding  the  network  architecture  and  the  adaptive  training  algorithm 
can  be  found  in  two  articles  by  Lee  [3,  4].  Although  we  followed  the  basic  algorithms  given 
in  these  articles  closely,  we  also  implemented  variations  based  upon  experimentation  with 
our  specific  problem. 


3  Weight  Optimization  Using  LMS 

The  radial  basis  function  neural  network  paradigm  of  Section  2  includes  a  modified  gradient 
descent  optimization  of  the  weights  (the  Wij  of  Equation  3).  Unfortunately,  it  is  just  this 
weight  optimization  that  introduces  several  vague  aspects  into  the  network  design,  such  as 
requiring  the  network  designer  to  choose  parameters  for  which  the  literature  only  contains 
general  guidelines.  Two  of  the  most  important  of  these  parameters  include  the  descent 
stepsize,  and  the  stopping  criteria.  The  choice  of  the  stepsize  dictates  the  convergence  speed 
of  the  weights  and  even  whether  or  not  th^  will  converge  or  oscillate.  One  popular  approach 
is  to  slowly  change  the  value  of  the  st^ize  based  on  some  monotonically  decreasing  function. 
This  requires  the  choice  of  the  initial  stepsize  value  and  the  decreasing  function.  The  weight 
changes  must  eventually  stop,  which  is  generally  done  when  the  network  output  error  (the 
desired  versus  actual  outputs  for  the  training  set)  reaches  a  predetermined  value,  a  value 
which  must  also  be  chosen  by  the  network  designer.  And  regardless  of  the  choices  for  stepsize 
and  stopping  criteria,  the  gradient  descent  algorithm  suffers  from  the  possibility  of  stopping 
at  a  local,  instead  of  global,  minimum. 

This  section  presents  another  approach  to  solving  for  these  weights  based  on  linear  algebra 
techniques.  Although  the  basic  ideas  have  been  previously  presented  [12],  this  paper  gives 
new  results  regarding  the  choice  of  the  most  important  network  parameter,  the  a,  from 
Equation  2.  This  linear  algebra  algorithm  finds  the  globally  optimum  values  for  the  network 
weights  in  the  least  mean  square  (LMS)  error  sense,  using  a  matrix  pseudo-inverse.  Note 
that  these  weights  will  only  be  optimal  with  respect  to  whatever  data  is  used  to  form  the 
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corresponding  matrices  (see  below).  This  means  that  if  the  linear  algebra  approach  is  used 
as  a  direct  replacement  for  the  modified  gradient  descent  weight  optimization  in  the  neural 
network,  the  wdghts  will  only  be  optimal  for  the  training  data,  not  any  other  data. 

To  convert  the  network  to  the  linear  algebra  paradigm  we  change  notation  slightly  from 
Section  2.  Each  input  vector  Xj*  consists  of  n  components,  i.e.  k  =  1,  ...,n;  there  are  N  input 
vectors,  /  =  1, ...,  N.  The  N  input  vectors  are  the  preprocessed  data  described  in  Section  2 
computed  from  N  phase  measurements  at  N  source  angles.  A  subset,  q,  of  the  N  input 
vectors  is  selected  to  train  the  neural  network  by  solving  for  the  weights.  For  example,  if 
N  were  121  (corresponding  to  a  1*  data  interval  from  —60®  to  +60®),  we  could  train  the 
network  on  the  measured  data  at  10®  intervab,  in  which  case  q  would  be  13.  Data  not  used 
for  training  is  used  to  evaluate  the  network’s  performance  (see  Section  3.1). 

Before  we  discuss  training,  we  define  an  Nxq  Gaussian  function  matrix  $  which  includes 
all  Gaussian  function  evaluations.  The  evaluation  of  each  Gaussian  function  (the  of 
Equation  1)  is  denoted  by  where  /  denotes  the  input  vector  number  as  above,  and  i 
denotes  the  Gaussian  number,  i  =  1,...,9  (i.e.  there  are  q  Gaussians).  Each  Gaussian’s 
center  (see  Equation  1 )  is  given  by  m,ik,  with  t  denoting  the  the  Gaussian  number,  and 
k  =  1,  ...,n  the  vector  component.  The  N  y.  q  Gaussian  function  matrix  is 


^N,<, 


(4) 


with  /  =s  l,...,iV  and  i  —  1,...,^. 

For  network  training,  in  the  example  above,  select  rows  /  =  1, 11, ...,  Ill,  121  of  $  to  form 
a  13  X  13  training  Ganssian  function  matrix,  which  is  used  below  in  the  LMS  solution 
for  the  network  weights.  Next,  however,  we  describe  how  the  network  output  vectors  are 
evaluated. 

Output  vector  I  has  components  yij  for  /  =  1, ...,  N  and  j  =  1, ...,  q.  The  elements  of  the 
output  matrix,  Y,  are  weighted  linear  sums  of  Gaussian  function  values. 

=  (yij)  =  E 

isl 

Y  =  <lfW  (5) 

The  N  rows  of  Y  are  the  N  output  vectors.  We  know  the  desired  outputs  at  the  q 
training  angles  (— 60®,  — 50®, ..., +o0®,+60®).  This  corresponds  to  the  rows  of  Y  with  /  = 
1,11,  ...,111, 121  which  we  use  to  form  a  13  x  13  desired  output  matrix  Yd.  The  Wij  are  the 
weights  from  Equation  3.  Note  that  W  is  a  <7  x  ^  matrix.  If  we  have  the  weights,  IF,  we  can 
compute  a  predicted  output  vector  for  any  input  vector  using  Equation  5.  Next,  we  describe 
the  LMS  solution  for  the  optimal  weights,  W. 

We  solve  for  the  LMS  optimal  weights  based  on  minimizing  the  cost  (error)  function 

(yi-$,VF)^(V;-$,VF),  (6) 

where  approximates  the  desired  output.  The  steps  for  computing  the  optimal  W  are: 
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1.  Collect  input  data,  i.e.  the  for  N  measurements  at  N  known  source  angles. 

2.  Use  a  subset,  q  in  length,  of  the  N  input  vectors  to  form  a.  q  x  q  matrix  These  q 
vectors  are  also  used  as  centers  rtiik  (see  Section  2). 

3.  Solve  for  W  using  the  LMS  solution  which  minimizes  the  cost  function  of  Equation  6 
[2],  yielding 

(7) 

The  expression 

is  one  of  the  left  inverses  of  That  is  invertible,  yielding  this  unique  solution  to 

the  LMS  problem,  is  guaranteed  by  the  linear  independence  of  the  columns  of  [H]-  In  an 
upcoming  paper  we  discuss  the  relationship  between  the  linear  independence  of  the  columns 
of  and  the  specific  physical  configuration  of  the  experiment.  With  respect  to  the  results 
reported  here,  the  matrix  always  has  linearly  independent  columns. 

3.1  Backpropagation  Versus  Linear  Algebra  Weight  Optimiza¬ 
tion 

Theoretically,  solving  for  the  weights  via  the  left  pseudo  inverse  should  yield  network 
performance  superior  (for  the  training  data)  to  that  when  the  weights  are  found  with  the 
modified  gradient  descent  algorithm,  given  that  the  performance  is  measured  in  terms  of 
the  least  mean  square  (LMS).  This  implies  that  LINNET,  the  name  of  the  network  with  the 
weights  optimized  using  the  pseudo  inverse,  should  always  outperform  the  neural  network, 
whose  weights  are  optimized  using  a  modified  gradient  descent  weight  optimization,  for  a 
root  mean  square  (RMS)  performance  criteria  over  the  training  data.  Our  empirical  results 
verified  this,  given  that  the  other  network  parameters  (such  as  <7,)  are  kept  constant.  This 
section  addresses  the  question  of  how  LINNET  performance  compares  to  the  neural  network 
for  data  that  are  not  part  of  the  training  data.  The  name  LINNET  is  inspired  by  it  being  a 
linear  algebra  based  network. 

Table  1  summarizes  the  performance  of  both  the  LINNET  and  NBF  neural  networks  over 
ten  different  data  sets.  Each  data  set  was  collected  within  a  short  period  of  time  during 
which  the  antenna’s  performance  and  configuration  was  assumed  to  remain  constant.  A 
data  set  contains  the  input  vectors  for  source  angles  in  one  degree  increments  from  —60°  to 
+60°,  for  a  total  of  121  sample  points.  The  training  samples  from  each  data  set  are  those 
input  vectors  (and  corresponding  desired  network  outputs)  at  every  10  degrees,  i.e.  13  of 
the  121  data  points.  Once  the  network  weights  are  calculated,  the  network  performance  is 
computed  over  all  121  data  points  and  reported  in  the  table  as  RMS  angle  error  in  degrees. 

The  RMS  error  is  computed  as  _ 

1  121 

tel 
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Best  a  for  LINNET 


Best  <T  for  NBF 


Data  Set 

m 

BSBBSlii 

m 

BSiSEiSH 

Test97 

o.soo 

0.41 

1.06 

0.640 

0.50 

0.53 

Test92 

0.850 

2.01 

2.00 

0.835 

2.01 

1.97 

Tests? 

0.800 

1.46 

1.42 

0.760 

1.46 

1.41 

Testsc 

0.750 

1.67 

1.72 

0.705 

1.67 

1.59 

DataI 

0.750 

1.43 

1.34 

0.750 

1.43 

1.34 

Data2 

lliliTil 

14.98 

15.24 

0.810 

15.45 

15.06 

TestSO 

0.850 

0.47 

0.67 

0.700 

0.53 

0.54 

Test95 

0.750 

1.37 

1.31 

0.735 

1.37 

1.29 

TEST60 

1.300 

1.93 

2.37 

1.98 

1.95 

Test59 

0.800 

0.47 

0.88 

0.665 

0.52 

0.56 

Table  1:  Comparison  of  NBF  and  LINNET  RMS  Error  Performance 


where  9i  is  the  source  angle  and  6t  is  the  angle  predicted  by  the  network.  The  row  labels 
are  the  names  given  to  the  different  data  sets.  They  represent  different  signal  to  noise  ratios 
or  minor  changes  in  the  physical  configuration  of  the  experiment,  except  that  DaTa2  was 
collected  with  coffee  cans  stacked  in  front  of  the  array,  and  Testsc  incorporated  a  metal 
mesh  screen  mounted  around  the  array  to  simulate  an  airframe  superstructure.  For  the 
results  reported  in  Table  1  all  of  the  <r,-  values  are  the  same,  i.e. 

(Ti^Cj  i,j  =  l,...,5 

where  q  is  the  number  of  Gaussian  functions.  The  columns  under  ‘*Best  a  for  LINNET” 
show  the  RMS  error  for  LINNET  (“LINNET  RMS  Error”)  and  the  NBF  neural  network 
(“NBF  RMS  Error”)  with  all  the  <t,  set  equal  to  that  value  (“<7”)  which  optimizes  the 
RMS  performance  of  LINNET.  Similarly,  the  columns  under  “Best  <7  for  NBF”  report  the 
RMS  error  performance  with  all  the  a,  set  equal  to  that  value  which  optimizes  the  RMS 
performance  of  NBF.  Note  that  the  a,  optimization  is  reaccomplished  for  each  data  set. 
Table  1  implies  that  the  performance  of  the  LiNNET  and  the  NBF  neural  network  are  very 
similar,  especially  when  using  the  <7,  values  optimized  for  the  NBF,  which  is  as  expected. 


3.2  Weight  Sensitivity  and  Neural  Network  Training 

One  of  the  reasons  for  using  the  radial  basis  function  network  architecture  is  its  reported  or¬ 
der  of  magnitudes  reduction  in  the  number  of  iterations  required  for  gradient  descent  weight 
optimization  versus  that  required  for  backprop  networks  based  on  the  sigmoid  neuron  func¬ 
tion.  Our  results  substantiated  this  trend,  with  the  neural  networks  reported  here  achieving 
their  performance  after  only  three  weight  optimization  iterations.  With  respect  to  these 
results  we  have  found  the  probable  reason  for  this  rapid  convergence,  as  shown  in  Figure  2. 

The  VV(3,3)  and  W{12, 13)  axes  represent  weight  values  for  the  weights  ‘connecting’  the 
output  of  the  third  Gaussian  with  the  third  output  vector  component,  and  the  output  of  the 
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Figure  2:  LINNET  Performance  vs  Weight  Changes 


twelfth  Gaussian  with  the  thirteenth  output  vector  component,  respectively.  The  optimal 
values  (found  with  the  LMS  algorithm)  for  each  weight  lie  at  the  values  denoted  by  10  along 
the  axes.  Each  unit  value  along  the  axes  represent  a  change  from  the  optimal  value  of  ten 
percent.  Thus  a  value  of  20  denotes  a  200  percent  larger  value  than  the  optimum,  while  a 
value  of  1  represents  a  ninety  percent  smaller  value  than  the  optimum  (i.e.  only  one  tenth 
of  the  optimal  value). 

Figure  2  is  just  one  of  many  such  plots  created,  and  every  one  had  the  same  basic  shape, 
steep  sides  and  a  flat  bottom.  Although  we  didn’t  generate  every  possible  plot  (that  would 
involve  all  possible  pairings  of  the  weights),  we  believe  that  the  actual  multidimensional 
error  surface  has  the  same  basic  *shape’.  Thus  if  the  initial  neural  network  random  weights 
lie  on  a  steep  side,  the  modified  gradient  descent  search  should  reach  the  bottom  plateau 
relatively  quickly.  In  addition,  the  flat  bottom  implies  that  weight  values  anywhere  along  this 
plateau  should  yield  near  optimum  network  performance.  Thus  the  neural  network  would  be 
expected  to  obtain  near  optimal  performance  in  significantly  fewer  gradient  descent  iterations 
for  this  particular  problem,  than  for  many  other  types  of  problems,  which  is  ex^tly  what 
we  discovered.  This  also  implies  that  continuing  the  weight  optimization  would  not  lead  to 
any  significant  increase  in  performance,  also  consistent  with  our  empirical  observations. 
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4  The  Major  Network  Parsimeters 


One  major  advantage  of  the  linear  algebra  approach  is  that  it  does  not  require  certain 
variables  involved  with  the  modified  gradient  descent  weight  optimization  technique  (such 
as  the  stepsize  and  stopping  criteria)  inherent  to  the  neural  network  paradigm.  However, 
both  the  neural  network  and  linear  algebra  approach  require  determining  values  for  two 
major  network  parameters,  the  Gaussian  function  ‘centers’  and  the  norm  distance  weighting 
(the  Gaussian  variances),  which  are  respectively  the  m,j  and  the  <7,  (the  root  of  the  variance) 
from  Equation  I.  For  both  of  these  approaches  the  choice  of  the  centers  is  dictated  by  the 
nature  of  the  ‘training’  data;  the  centers  are  chosen  to  coincide  with  the  location  of  the 
training  samples  in  the  input  space  X  (see  section  2  and  [6]). 

4.1  The  (Ti  Values 

Consequently,  the  values  of  the  <7,-  remain  as  the  major  network  parameters  (disregarding 
the  parameters  associated  with  the  backpropagation  weight  optimization).  This  section 
addresses  two  methods  used  in  this  research  for  determining  <7,-  values.  The  first  is  to  simply 
set  all  (7j  equal  to  the  same  value.  The  ‘best’  value  can  be  found  by  an  optimization  procedure. 
The  second  method  is  to  set  each  <7,-  independently,  based  on  the  Euclidean  ‘distance’  between 
the  Gaussian  function  centers  (the  m,>). 

The  first  method  is  the  simpler  of  the  two  and  also  satbfies  our  requirement  that  com¬ 
putations  for  the  Gaussian  functions  require  only  local  data  (for  a  detailed  description  of 
data  locality  see  [6]).  This  means  that  the  computation  of  each  (7,-  does  not  require  any 
information  that  depends  on  the  presence  or  absence  of  any  other  Gaussian  functions  except 
the  Since  this  method  sets  all  <7,  values  equal  to  a  predetermined  constant, 

<7j  —  Cj  i,j  —  1,...,^ 

each  <7i  can  be  computed  independently  of  any  other  Gaussian  function.  Figure  3  shows 
how  the  NBF  neural  network  RMS  angle  error  varies  as  a  function  of  <7i  (same  value  for  all 
i  —  1, ...,  (j). 

Experiments  with  LINNET  also  demonstrate  the  same  type  of  relationship  between  the 
RMS  angle  error  and  the  value  of  <7,;  a  steep  decrease  in  RMS  error  with  increasing  (7,  until 
an  optimum  value  is  reached,  after  which  the  RMS  error  only  increases  slightly  for  further 
increases  in  <t.  To  determine  if  this  relationship  varied  markedly  with  different  training  set 
granularities,  we  repeated  the  NBF  neural  network  training  at  every  5  degrees  (instead  of 
every  10)  which  yields  25  training  points  instead  of  13.  Figure  3  shows  the  results  both  for  10 
degree  (dotted  line)  and  for  5  degree  (solid  line)  training  sets.  Halving  the  granularity  had 
no  appreciable  affect  for  this,  nor  for  any  other,  of  the  data  sets  that  we  investigated.  Note, 
however,  that  the  optimum  value  of  <7  (i.e.  minimum  RMS  error)  is  different  for  the  two 
training  intervals,  5*  and  10®.  Note  also  that  these  optimal  values  are  different  for  various 
measurement  sets,  as  shown  in  Table  1,  although  the  relative  shapes  of  the  sigma-error  curves 
are  similar  to  those  in  Figure  3. 
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Figure  3:  RMS  Network  Error  vs  Constant  Oi  Values 


The  second  approach  uses  different  values  for  at  for  each  t,  computed  as  a  function 
of  the  Euclidean  distance  between  neighboring  Gaussian  function  centers  {mik).  Although 
this  violates  the  locality  requirement  described  above,  this  technique  yielded  a  substantial 
increase  in  network  performance  for  some  of  the  data  sets.  A  description  of  this  approach 
follows. 

For  each  *new’  Gaussian  function  t  that  is  added  to  the  hidden  layer  during  training  (see 
[6]),  the  Euclidean  distance  d,-  to  the  last  previous  Gaussian  function  t  ->  1  is  computed  by 

n 

\  H  I”*..*  -  *  =  2, q 

'  kml 

with  di  set  equal  to  a  predetermined  constant.  One  analysis  has  shown  that  the  scaling 
factor  in  the  weighted  norm  of  Equation  2  should  be  proportional  to  the  distance  between 
the  centers  of  the  Gaussian  functions  [5],  i.e. 

2^  =  *0  • 

where  dis  denotes  the  proportionality  constant,  and  theoretically,  dis  <  1.  Thus  one  formu¬ 
lation  for  computing  <7,  is 


This  technique  yields  a  different  (Ti  for  each  Gaussian  function,  yet  requires  setting  only  one 
parameter,  dis.  Just  as  with  the  first  approach  that  used  one  value  for  all  o,-,  the  results  for 
this  approach  reflect  computer  assisted  searching  for  the  optimum  value  of  dis. 
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RMS  Angle  Error  (degrees) 


1.7i 


Rx«d  vs  Varying  RBF  Sprsad  Paramatars,  data.1 


Figure  5:  Comparing  Methods  for  Optimizing  Ci  for  Test92aa 


Figures  4  &nd  5  show  the  LINNET  RMS  angle  error  performance  with  respect  to  both  of 
these  approaches  for  two  of  the  data  sets.  In  each  figure  the  curve  labeled  ‘‘sigma”  shows  the 
Linnet  performance  with  all  of  the  <Ti  values  set  equal  to  a  constant.  Note  that  this  curve 
can  be  directly  compared  to  the  neural  network  performance  (same  technique  for  setting 
<T,)  from  Figure  3.  These  two  curves  (labeled  “sigma”)  show  the  same  basic  shape  as  that 
from  Figure  3.  The  two  curves  labeled  “dis”  show  the  LINNET  performance  using  the  <7, 
computations  from  Equation  8.  For  the  DaTAI  data  set  this  second  approach  (using  dis) 
yields  approximately  fifteen  percent  improvement,  while  for  the  Test92aa  data  set,  the 
first  approach  is  slightly  better.  These  two  plots  are  included  because  they  represent  the 
two  ends  of  the  spectnim.  For  the  other  data  sets  the  use  of  Equation  8  yielded  something 
between  zero  and  fifteen  percent  improvement.  Ongoing  research  is  still  trying  to  determine 
what  physical  characteristics  influence  this  spread  of  performance  improvements. 


5  Conclusion 

We  developed  a  new  network,  LINNET,  which  solved  exactly  for  the  output  weights  to  min¬ 
imize  the  network’s  RMS-error  across  a  training  set.  We  compared  this  network  to  NBF, 
which  uses  a  gradient  descent  technique  which  minimizes  the  error  by  converging  these  pa¬ 
rameters.  Our  comparisons  of  these  two  networks  verify  our  hypothesis  that  NBF  is  finding 
an  acceptable  near-global  minimum  after  very  few  training  iterations.  We  presented  a  typ¬ 
ical  “bowl-shaped”  tomography  of  an  error-weight  surface  which  indicates  why  this  is  not 
surprising.  Finally,  we  presented  two  techniques  which  were  tested  to  determine  an  optimal 
network  a.  We  determined  empirically  that  the  better  choice  of  technique  varies  between 
data  sets.  An  area  of  ongoing  research  is  the  investigation  of  physical  parameters  of  the 
antenna  array  and  environment  which  influence  this  performance  improvement. 
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ABSTRACT 

Itficrowave  neural  networks  are  introduced  as  radar  signal  clustering  networks  for  applications  in 
ESM  systems.  Some  early  designs  and  their  associated  problems  are  then  ejqriained.  Rnally.  a  new 
kind  of  structure  is  prqwsed,  maldiig  use  the  signal  phase  in  die  fiiaaMiWtinn  process.  The  results 
provided  by  some  simnlated  topologies  ate  shown  and  discussed. 

1.  INTRODUCTION 

Modem  ESM  processors  must  provide  an  effective  inteicqplion  petfionnance  in  today's  increasingly 
dense  and  cnnplex  signal  environments.  Moreover,  diey  must  provide  accurate  analysis  in  less  than  1 
second  [1].  Hence,  fast  jqgnridnslmng  and 

Antenna  mays  ate  suitaUe  for  fast  signal  processing,  dtfaer  by  using  distributed  digital  networks 
or  directly  by  means  of  microwave  structures  such  as  Rotman  Lenses  or  Butler  Matrices  [2]. 
Furthermore,  adqttive  antenna  arrays  [3]  may  be  viewed  as  a  farm  of ''iiuelligent*  rnkrowave  system. 
They  can  respond  to  an  unknown  signal  environment  by  processing  the  array  outputs  adtptively. 
attenpting  to  opdmize  the  signal-to-noase  ratio  at  die  fipoat-ead  or  receiver  output  Their  intdligent 
bdiaviour  consists  of  producing  die  appropriate  problem-sidving  reqtouae  when  faced  with  a  particular 
problem  stimulus.  However,  dimr  ridll  is  Imiited  to  a  very  specific  task.  Similar  systems  dwuld  be 
able  to  associate  reqxmses  to  stimuli,  and  hence  to  generalize  -  that  is,  smaQ  input  dumges  produces 
small  onpnt  changes.  Such  behaviour  is  exacdy  diat  ttf ’’dnstering”  or  "classification". 

Therefore,  the  original  adtptive  arrays  may  be  evolved  to  recognize  and  classify  emisskms.  As  a 
mmter  of  fact,  (me  of  die  most  primitive  ai^  comm<m  activities  of  mimaig  (man  inchidetO  is  sotting 
like  items  into  giotps.  These  groups  ate  defined  by  patterns  which  ate  recognized,  dms  enabling 
classificaticm.  In  broad  sense,  this  is  fundamentally  the  platonic  jdiilosoidiy  of  perfect  structures,  in 
whkdi  there  is  a  stt  of  "ideal  fonns"  fiom  those  the  real  worid  present  the  observer  imperfea  rqflicas. 
In  psychcdogy,  pattern  recQgnitkm  is  darned  as  a  process  by  which  "...  external  signals  are  converted 
into  meaningful  percqNual  egqieriences"  [4]. 

Adaptive  arrays,  in  spite  the  fact  diat  th^  can  learn,  are  unable  to  maintain  die  acquired  knowledge 
as  die  adtptation  process  is  endless.  They  are  ctmtinoonsly  kammg  from  new  data  and  discarding 
previous  information.  Obviously,  while  presenting  such  bdiavionr,  soch  a  system  is  unable  to 
undecode  die  information  stored  hi  its  qmaptic  weights. 
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Essentially,  there  are  two  main  phases  in  intelligent  behaviour.  The  first  one  is  die  learning  phase, 
in  which  some  qiecific  alnlity  is  slowly  acquired.  The  second  phase  occurs  when  the  skills  that  have 
beoi  learned  are  put  into  practice,  which  is  lefened  as  ^iplication  phase  [S].  Microwave  neural  systems 
conform  to  diis  two  stqi  framework. 

The  main  objective  of  microwave  neural  nets  in  this  ajqilicalion  is  to  i^vide  radar  signal 
dustering  for  ESM  purposes,  using  microwave  hardware.  This  should  improve  system  integration  and 
miable  die  received  and  analysed  radar  pulses  to  be  direcdy  sent  to  the  ECM  subsystem  without  further 
need  of  re-consinicting  detected  signals  in  real  time. 

2.  ANTENNA  ELEMENTS  AS  SENSORIAL  DEVICES 

In  the  scene  analysis  discussed  in  the  previous  sectkm,  (me  can  define  the  pattern  space  as  the 
domain  of  data  observed  by  the  sensory  organs  or  devices. 

One  way  to  characterize  a  signal  s  is  to  assign  it  to  a  range  of  finite  measurable  relevant 
parameters.  The  column  vector  z  in  such  space  is 
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where  Xi  =  /i(s).  and  is  a  set  of  measurement  procedures,  or  primidves,  into  which  s  is 
deconqxMed. 

These  primidves  can  be  of  two  types.  They  ate  eidmr  parameter  iqxxialized,  when  each  sensidve 
organ  or  measuring  device  is  aide  to  wodt  sdectivdy  over  (me  unique  ^lecific  parameter,  or  generic,  in 
which  case  an  parameters  ate  processed  at  once,  but  in  diEfetent  ways,  by  an  measming  devices. 

Most  ESM  systems  detect  the  inctmiing  signal  and  then  obtain  parameter  qiecialized  primidves. 
The  qiproach  suggested  here  is,  however,  towards  generic  primidves  that  ate  obtained  from 
inhomogeneous  antenna  arrays.  Naturally,  the  more  inhomogeneous  the  array  (that  is,  the  mote  its 
elements  differ  from  each  other),  the  more  it  is  able  to  reaa  differently  to  signals  (^  different  frequency, 
polarisation,  bearing,  etc...  Therefore,  by  presendng  better  sensidviiy  die  networic  has  improved 
ctmdidons  to  clnsto'  die  incoming  signals  into  weU  sqiaraied  subsets.  Such  clustering  may  not  be 
viewed  as  being  "tight”  or  "wnmg*  since  there  ate  many  possiUe  criteria  that  may  be  adopted.  A  set  of 
dusters  will  not  be  unique,  and  new  insights  and  undetstending  can  arise  from  dustering  results,  thus 
unvdling  unesqiected  soludons.  Nevertheless,  multiple  classificadtm  procedures  are  able  to  minimise 
die  errors  in  a  desired  classification,  once  combinatxms  of  different  results  are  explored. 

Usually,  in  order  to  duster  die  incoming  signals,  the  network  will  have  to  learn  from  a  set  of 
examples.  This  is  cognitive  systmn  operation.  Mitoiwave  netwtxks,  however,  are  different  from 
conventumal  neural  sy^ems  as  they  must  base  their  capabilities  on  die  lAase  response  rather  than  the 
amplitude  reqxMse,  being  so  a  very  particular  class  of  neural  systems. 

3.  INITIAL  MICROWAVE  NEURAL  APPROACHES 

The  first  microwave  system  that  we  considered  used  signal  amplitudes  as  the  basis  of  its 
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clasaifictiiop  [6].  It  wts  a  epical  ”back-|so|]agatioo''  nttworit  [7]  whore  the  first  layer  had  enhanced 
processing  capabiliQr  since  it  could  deal  widi  die  complex  stiixiiili  ouqxit  by  the  aotenna  anay. 

The  deba-iulB.  LMS  (loot-mean-square),  or  Widrow-Hc^  kaming  mmhod.  implicit  to  die  hack- 
propagation  paradjgm.  calculates  an  enor  value  given  by 

^  »  dj  -  yj  (2) 

is  die  desired  response,  and 
yj  is  die  desired  ouQint.  ejqnessed  by 


ntere  g(.)  is  a  genetic  nonlinear  function  (usually  a  sigimoidal  curve); 

Xj  is  die  iqpot  to  neuron  j; 

wy  is  tbe  synqitic  weight  value  from  neuron  i  to  neuron  j;  and 

Lj  is  the  duedKdd  value  of  neuron  j. 

The  adjustments  d  each  wy  (ja  s  l^^ji)  is  given  by 
W^t+1  *  Wij.t  +  jiCjXj 

adiere  ft  is  a  positive  scalar,  0<ii<  1,  used  to  conteid  the  learning  rate. 

In  the  proposed  system  the  first  layer  performed  complex  weighting  and  sum,  but  ouhputs  only 
scalar  values.  It  wQiks  as  if  the  incoming  midowa^  signal  were  detected  just  after  the  comlmier  by  a 
non-linear  device.  Thus,  in  spite  (rf  die  fact  that  the  variables  Xj  and  Wj  (the  synaptic  wmght  vecttn 
formed  by  die  several  individnal  wei^its  wy  )  are  complex,  yj,  ^  and  ^  are  real  scalar  values,  hi  fact, 
diis  complex  layer  is  an  interface  diat  conforms  the  microwave  signals  to  die  rest  of  die  system,  a 
regular  back-propagatioonetworic  as  Aown  in  Rg  1. 

The  acdvalioo  functioo  g(.)  for  this  first  layer  was  defined  as 

*(x)  «  (5) 

1  +X2 

This  function  is  dose  to  die  typical  sigmoid,  and  in  fact  corresponds  to  the  operational  curve  of 
mkiDwavedeiectors  in  the  small-signal  regime,  where  x«  l.TaUe  I  shows  die  differences  between 
the  two  types  of  h^ers  applied. 

The  duee  antennas  ctmsidered  fmr  die  simulations  were  of  different  polarisations:  vertical, 
horizomal  and  left-hand  drcnlar  CUfQ.  The  gain  aD  these  demeots  were  considered  constam  over  ah 
the  fieqnency  band.  This  win  not  be  true  in  pracdoe,  of  course,  and  such  a  constmint  was  adopted  only 
to  singdi^  calculations.  Two  signal  parameters  were  chosen  as  being  of  particular  interest:  fiequency 
and  polarization. 
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The  training  set  comprised  three  signals:  one  9  GHz  LHC  considered  as  a  dueat,  and  two  friendly 
emissions,  one  at  8  GHz  horizontally  polarized  and  the  other  at  10  GHz  4S°  slant  polarized. 

Fig  2  shows  the  inogress  in  performance  of  this  networh  along  the  learning  phase.  The 
generalization  civility  is  presented  in  Fig  3. 

These  results  were  rather  promising;  nevertheless  a  problem  arises  when  one  has  to  consider  that 
the  incmning  amplitudes  are  completely  beyond  the  system's  control.  It  is  not  possible,  in  practice,  to 
determine  the  incoming  signal's  amplitude  in  advance,  and  so  the  training  process  is  simply  prohibitive 
with  such  a  wide  range  of  possibilities.  Another  difficulty  is  that  if  video  layers  are  introduced  there  is 
no  advantage  in  terms  of  fast  ECM  reaction. 

A  second  system  was  further  investigated  in  the  labmatmy  [8]  in  order  to  avoid  these  practical 
restrictions.  The  clustering  process  should  now  be  carried  out  in  terms  of  the  ou^ut  phase  rather  than 
in  the  amplitude. 

This  simple  apparatus  is  shown  in  Fig  4a,  and  it  had  phase-weights  only,  in  order  to  be  easily 
assembled.  Two  classes  of  signals  were  established.  Class  A  comprised  a  1 1  GHz  vertically-polarized 
and  12  GHz  horizontally-polarized  signals.  Class  B  contained  only  a  12  GHz  vertically-polarized  signal 
This  system's  responses  are  indicated  in  Fig  4b.  It  is  verified  that  the  two  classes  were  successfully 
clustered,  each  one  in  one  semi-circle  after  only  10  trial-and-enorwdght  settings.  These  rei^ionses  were 
shown  as  well  to  be  robust  to  100  MHz  variations  and  to  30°  tilts  in  polarisation. 


4.  HIGH  PERFORMANCE  MICROWAVE  NEURAL  SYSTEMS. 

Recent  investigations  delineated  the  complex  Widrow-Hoff  method  [9]  to  realise  the  learning 
routine  to  such  complex  phase-networks.  Hiis  rule,  although  originally  intended  to  amplitude  based 
systmns,  has  no  restrictions  in  terms  of  phase  and  so  is  well  suited  to  the  present  case.  The  adjustment 
procedure  is  now  defined  by: 

Wj,t+i  *  Wj.,  +  2n£jXj  (6) 

where  the  symbol  *  denotes  the  complex  conjugate,  and  all  variables  are  assumed  to  be  complex 
excqH  for  which  is  a  real  scalar. 

In  this  manner,  the  generic  microwave  neuron  is  pictured  in  Kg  S. 

Since  the  clustering  informfiUon  is  carried  on  the  output  phase,  there  is  no  need  to  place  a 
nonlinearity  after  the  linear  combi  This  ftdlows  because  unequal  ampliuides  are  expected  at  the  front 
end  of  the  combiner;  consequently  the  final  phase  is  not  the  sum  of  the  individual  phases.  Thus,  this 
process  by  the  phase  viewpoint  is  intrinsically  non-linear.  A  second  advantage  in  avoiding  non- 
linearities  is  diat  this  avoids  the  possibility  of  intermodulation. 

Some  possiUe  architectures  for  these  systems  are  illustrated  in  Fig  6.  The  emissions  arc  considered 
to  come  from  boresighL  Extra  phase  riiiflms  could  phase-steer  the  sight  angle  (tf  the  array  if  necessary. 

The  simulations  were  made  considering  a  frequency  range  of  -300  MHe  to  +300  MHz  around  the 
central  frequency  of  the  training  signal. 

Kg  7  presents  die  results  ftir  a  simulated  single  neuron  trained  to  sqxuaie  one  8  GHz  horizontally- 
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polarized  signal  firom  a  9  GHz  vertically>polarized  and  a  10  GHz  horizontaUy-polarized  signals.  A 
second  dustcring  could  be  defined  sqMrating  now  tbe  9  Gib  signal  firooi  die  other  two.  It  may  be  seen 
that  if  both  leiqpoases  are  anafysed.  then  each  signal  could  be  pinpoimed. 

The  reqionse  for  a  more  challenging  training  set  copqmsing  a  9  GHz  vertically-pdarized  and  a  10 
GHz  horizontaUy-polarized  signals  considered  Qass  C,  and  a  9  GHz  horizontaUy-polarized  signal  as 
being  Qass  D.  is  presmited  in  Fig  8. 

A  more  conqdex  network  whkh  we  have  named  "the  Firii”  is  riiown  in  Fig  9  to  cluster  now  3 
signals  as  belonging  to  Qass  A  ( the  same  two  in  Qass  C  plus  an  8  GHz  45**  slant  polarized  sigiml) 
fiom  two  defined  as  Qass  B(  comprising  class  D  plus  a  10  GHz  LHC  polarized  signal)- The  results  for 
the  ouqxit  neunm  (f)  are  provided  as  weU  as  for  me  of  the  neurons  of  the  secmd  layer  (u).  It  is 
interesting  to  note  that  (u)  has  a  better  perfonnance  than  (f)  after  these  300  training  loops.  The 
redundancy  is  quite  interesting  for  reliability  purposes. 

5.  CONCLUSIONS 

Microwave  Neural  systems  have  been  studied,  and  dppcat  to  provide  a  possible  alternative  to 
cooventiooal  techniques  in  performing  radar  signal  clustering  in  real  time.  The  results  Obtained  through 
MATLAB  [10]  confirmed  that  these  systems  are  potendaUy  useful  for  ESM  purposes.  Nevertheless, 
there  are  yet  several  points  to  be  established  to  realise  in  practice  such  networks  with  high  degree  of 
confidence,  such  as: 

q)  the  reqxHises  of  i^iase  shifters  and  attenuators/anqilifiers  are  not  indqteadent  of  frequency, 

and  so  their  particular  teqxmses  may  need  to  be  included  on  the  training; 

b)  the  precision  of  the  phase  shifters  must  be  examined; 

c)  the  use  of  lensoids,  that  is,  lens-like  structures  with  suitable  edges  shqied  not  to  provide 
beam-forming,  but  clustering-forming  may  be  studied  as  well;  and 

c)  the  possibility  to  perform  unsupervised  learning  may  need  further  investigation. 
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a  b) 

Fig  4  Experimental  Phase  Neuron  Prototype 


Fig  6-  Some  Possible  Microwave  Neural  Topologies 
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b) 

Results  for  a  single  neuron  cosidering  a)two  signals  in 
Class  C  (9Ghz  vert-pol  and  a  10  Ghz  horiz-pol)  and  one  in 
Class  E  (8  Ghz  horiz>pol);and  b)two  signals  in  Class  C1 
(8Ghz  horiZ'pol  and  lOGhz  horiz-pol)  and  one  in  Class  E1 
(9Ghz  vert-pol) 
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Fig  9-  Response  for  Fish  Network  provided  by  neuron  f  and  by 
neuron  u 


A  NEURAL  NETWORK  ALGORITHM  FOR  IMPROVING 
THE  PERFORMANCE  OF  DISTORTED  REFLECTOR  ANTENNAS 


R.  ].  Bastian,  W.  T.  Smidi 
Dqjaitment  of  Electrical  Engineering 
University  of  Kentucky 
Lexington,  Kentucky  4QS06-0046 


Abstract 

Reflector  antemus  need  to  be  dectricatty  large  to  achieve  tbe  bigh  gain,  low  side  lobe 
perfonnance  required  for  various  lemoie  sensing  and  space  comnuinicarions  appUcations. 
These  large  reflectors  are  susceptiMe  to  distortions  in  die  reflector  surface.  HiedistaitioDS 
in  the  surfsce  are  due  to  gravitational  and  tlietnul  forces  and  structmal  design  details  such 
as  siq)poit  ribs  and  slots  between  panels.  Active  mechanical  adjustment  of  the  surftoe  can 
compensate  for  the  larger  surface  diqdacements.  At  higher  fiequeodes.  die  subtle  residual 
errors  can  lenuun  electrically  significant  Electromagnetic  ctmopensation  may  be  used  to 
siqiplement  the  mechanical  techniques.  In  this  papa,  an  dectromagnetic  surfsce  enror 
compensation  technique  using  a  neural  network  conqwting  algorithm  is  presented. 

LO  Ihtrodactioa 

Adaptiveteflectorsurfaoetechnologiescanmechanicallycompeosateft)rlaigg^)ace 
reflector  antenna  smftce  distortions  caused  by  gravitational  sad  thermal  forces. 
Electromagnette  compensation  for  snrfime  eners  can  be  used  to  simplement  mechanied 
techniques  at  fiequendes  where  subde  residual  errors  in  die  reflector  surface  remain 
dectiTCaily  significant.  Electromagnetic  conqiasation  techniques  are  inqilemented  with 
algorithms  that  cmaiol  die  amplitude  and  phase  of  array  feed  elements. 

The  constrained  least  squares  (CLS)  condensation  method  matehtut  Oe 
aperture  field  of  a  distorted  reflector  to  some  desired  qierture  Add  distribution  at  discrete 
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pdnts^  In  a  previous  study^,  tbe  CXS  compensation  method  was  found  to  be  lelativdy 
insensitive  to  errors  in  the  amplitude  and  phase  of  the  ccMnplexexcitatitms.  This  robustness 
fHvmpted  further  investigation  to  determine  whether  neural  network  consulting  could  be 
used  m  ssmmmate  the  conqieosation  performance  of  tbe  CLS  technique^. 

The  advantage  to  using  die  neural  network  algorithm  is  that,  (Mice  trained,  the  large 
computational  overhead  associated  widi  the  CLS  would  be  idieved,  thus  facilitating  near 
real-time  contr(>lofsuiface  error  induced  pattern  effects.  IVaining  the  networks  can  be  very 
burdemtnne.  Decomposition  of  the  surface  error  results  in  an  apfMxntimatesupenxisition  of 
excitatiiMis  which  relieves  a  great  deal  of  tbe  c<Mis>utati<Mial  burden  assodated  with  the 
training.  Brief  summaries  of  reflector  surface  error  effects,  dectrcMnagneticcompensatioa 
techni<iues  and  neural  networks  ate  given  in  the  nett  two  sections.  The  issues  concermng 
the  training  of  the  networks  ate  summarized  and  a  neural  network  compoosation  algorithm 
is  outlined  in  Sect  4.  BamptecompensatitMicalculatitMis  are  presented  in  Section  5.  The 
study  is  summarized  in  die  last  secti(ML 

2.0  Reflector  SoiilKe  Errors  and  CompensatioiiTBdiiiiqncs 

In  dus  section,  the  effects  of  surface  errors  and  existing  dectromagnetic 
compensatimi  methods  are  summarized.  The  study  of  reflector  surftce  profile  enors  is 
generally  sqMuated  into  two  dasses:  random  and  deterministic  surffee  errors.  Random 
surfa^enoranalysisgeaerallyconcemsteflectorswidiToughsuifBces.  Theeffectsaftongh 
surffees  are  usually  amdyzad  using  statistical  methods.  Deterministic  surffee  errors  arise 
from  suuctmal  design  dmails  (ribs,  slots,  etc.)  or  dtstarti(Mis  due  to  gravitatknal  or  diennal 
forces. 

Random  surface  errors  have  been  the  topic  of  several  investigations.  The  average 
effects  of  random  surihee  errors  and  how  ron^  surfmes  dqrade  die  antenna  performance 
are  wen  understood.  The  effects  of  random  srafaM  errors  cannot  be  compensated  for  in 
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practice  due  to  tberKuMag  wide  field  distribution  aaoss  the  focal  plane.  attempting 

to  compensate  for  the  roughness  would  require  an  unrealistically  large  feed  array. 

Slotidy  varying  deterministic  surface  errors  cause  intofErence  in  the  radiation  pattern 
near  die  main  beam  and  also  in  the  fields  near  the  reflector  focus.  Errors  that  exhibit  penodic 
behavior  are  often  m  ^  re  destructive  as  they  can  cause  significant  grating-type  lobes  in  the 
radiation  patteraand  the  focal  plane  field  distribution*.  It  has  been  shown  that  periodic  errors 
with  increasing  spatial  fiequency  aaoss  the  rqierture  cause  distentions  in  the  radiation  pattern 
farther  from  the  main  beam  than  the  lower  spatial  fiequency  (slowly  varying)  errors^.  The 
slowly  varying  errors  also  cause  distortiens  in  the  focal  plane  field  distributiem  near  the 
focus.  Therefore,  these  slowly  varying-^pes  of  errors  can  be  compensated  for  using  a 
moderate  size  feed  array. 

Electromagoetic  ^M)  ctnnpensaiion  for  surface  errors  is  accomplished  by  using  an 
array  feed  to  capture  unfocused  energy  around  the  focal  point  and  adding  the  individual  feed 
signals  in  a  coherent  maimer.  There  are  several  tedmiques  that  have  bemused  to  perform 
this  cdiereat  summing  the  signals. 

Rudge  and  Davies*  wrote  one  of  the  most  referenced  papers  for  electrtnnagnetic 
compensation  for  surface  errors.  Their  conqrensation  qiproach  eoqiloits  die  Fouri^ 
transform  rdationship  between  the  rqierture  field  distribution  and  die  focal  plane  fields  on 
recqidon.  A  second  Fourier  transform  is  perftamed  using  a  Buder  matrix  feed*.  Theinitial 
hardware  inqilementatitm  was  restricted  to  a  cylindrical  reflector  syston*  In  thdr 
coDdusims,  the  authors  died  practical  proUems  for  inqilementing  the  technique  for 
two-dimensional  problems*. 

Conjugate  field  match  (CPM)  for  reflector  antnmws  has  been  widdy  used  by  many 
investigators  for  both  reflector  scanning  and  dectromagneticcompeasatioa  Theteebnique 
attempts  to  maximize  the  powgiBcdved  from  or  transmitted  inagiven  direction.  TheO'M 
exdtation  coeffidents  for  an  arrav  feed  are  {xroportimal  to  the  crmiplex  conpigates  of  the 
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received  focal  plane  fiddsofeach  feed  element  when  the  reflector  is  illHmimtfod  by  a  plane 
wave^. 

Bail^^  devdoped  a  mediod  for  conqxiting  the  array  feed  exdtatitnis  that  modify  the 
uncanpensated  distorted  reflector  Adds  such  that  they  iq)proximate  the  desired  Adds  of  a 
smooth  reflector  at  discrete  points  in  the  aperture  plane.  The  Adds  are  ipproximated  in  a 
least  squares  sense^.  It  was  discovered  that  while  die  pattern  unproved,  the  mediod  could 
fiwiiy.  urucceptaUy  high  spillover  loss.  Tliis  was  remedied  adding  a  constraint  to  the 
sdudon  that  the  spillover  power  to  reasonable  levds^  This  is  known  as  the 

cotstrained  least  squares  (CLS)  technique. 

The  GLSconqxmsation  technique  is  very  computadonally  intensive.  Conqjudngthe 
array  feed  mcdtations  can  take  several  hours.  Hie  results  of  ajnevious  study  showed  that 
die  ri-S  mediod  is  feirly  insensitive  to  errors  in  die  anqilitudes  and  {Aases  of  die  amqilex 
eadtatimis^.  fe  this  study,  die  feasibihty  of  ipproomnating  the  CLS  technique  with  trained 
neural  networks  is  demmistraied.  Using  the  iieuralnetworiai  to  conqiote  the  conqiensatiQn 
excitadmis  gready  reduces  die  computing  time  and  facilitates  near  real-time  cwnrtd  of  the 
surface  error  effects.  Discussion  of  the  neural  networits  used  in  this  study  is  presented  in  the 
next  section 

3.0  Moltiirie  L4iyer  Feed-Forward  Neural  Networits 

Nmnal  networics  are  highly  parallel,  intercmmected  networks  of  sinqile  cmiqmdng 
demmitsloosdymoddied  after  neurobitdogical  systems.  The  most  popular  qtfdicadonsctf 
neural  networks  are  in  the  Add  of  pattern  recognitimL  The  bade  conqiuting  dements  are 
stq>  functions  or  other  nonlinear  functions.  The  dmnents  are  called  nodes  and  are 
interconnected l^wdglitsthatareadtqitedthrooghatrainingprocess.  Neural networictypes 
are  defined  by  the  network  structure,  nodd  characteristics  arid  die  trainii^  or  tearmngndes. 
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Multiple  layer  feed-forward  networl^  are  used  in  this  study.  Feed-forward  networks 
are  trained  to  provide  a  mapping  ft^om  a  given  input  space  to  a  desired  output  response. 
Given  a  number  of  iiq)ut-ou9ut  pairs,  the  multiple  layer  feed-forward  networks  can  be 
trained  to  learn  some  underlying  function. 

The  structure  of  a  multiple  layer  feed-forward  networic  is  shown  in  Fig.  1.  The 
netwt^  consists  of  a  set  of  input  nodes  which  are  typically  interconnected  to  one  or  mcx^e 
hidden  layers  of  nodes  and  eventually  to  a  set  of  output  nodes.  The  interconnections  are 
weighted.  With  the  exception  of  the  input  nodes,  the  ou^ut  of  each  node  is  the  wdghted 
sum  of  the  previous  layer  node  values  passed  through  the  nonlinear  function.  The  nonlinear 
function  used  in  multiple  layer  feed-ft^ard  networks  is  the  sigmoid  function.  The  sigmoid 
nonlinearity  allows  the  network  to  approximate  a  continuous  valued  function.  An  example 
sigmoid  transfer  characteristic  is  shown  in  Fig.  2. 


OUTPIJT  PATTERN 


INPUT  PATTEfW 


A  schanaticdqiiction  of  a  multiple  layer  feed-forward  netvfork.  This 
example  has  only  one  hiddai  layer.^ 
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Figure  2.  An  exatnple  of  a  sigmoid function  transfer  characteristic.  The  output  cfthe 
sigmoid  faction  is  bound  between  0  and  1. 

The  iietw(xk  is  tndned  using  the  badiq>r(^agation  training  algorithm.  A  number  of 
known  iqwt-output  pairs  are  presented  to  the  networic.  The  weights  are  initially  set  to  small 
random  numbers.  The  values  for  the  known  inputs  propagate  through  the  network.  In 
genoal,  the  outputs  {oiJ  will  not  match  the  desired  known  ou^uts  {hJ.  The  error  at  the 
ou^Nitisgiveaby* 


k 

The  wdghts  are  then  modified  using  a  gradient  algwithm  to  try  to  minimize  the  enor.  The 
tcainii^  process  is  continued  with  the  known  input-ouq>ut  pairs  until  the  wdghts  amveige 
to  within  a  ^)ecified  tderance. 

The  trainiiQ  can  be  ven^  time  consuming.  In  this  study,  a  conjugatie-gradieat  method 
wasusedtospeedupthetraining^^  In  tlmamjugaiie-gradient  algorithm,  the  gradient  of  the 
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eatror  with  respect  to  the  weights  was  calculated  globally  for  all  the  patterns.  Tbeweig^ 
were  ttaentqxlatedusiDg  a  variahle  step  size.  This  shortened  the  traioing  time  coosideratdy. 
The  c(»iq>ensati(Mi  algohdun  n*mg  the  feed-forward  network  is  described  in  the  next 
section. 

4.0  Electroiiiagnetic  CompensatitMi  Usiiig  Neural  Network  Computiiig 

A  neural  network  algotidun  for  onulatiog  the  eXS  ctnqaensaiion  method  is  oudined 

bdow.  TherearetwoqtfvoachestotrainingneuralnetworkstoconqMitBCLScoiqteiisatioo 
excitations.  The  first  ^aproach  would  be  to  tnin  up  a  multilayer  feed-forward  network  wife 
a  very  laige  numba  of  penmttatitms  and  etunbinatiems  of  surface  error  profiles  wife  varying 
anqtlitudes.  This  method  “covers  an  the  bases”  but  it  suffers  from  havirig  no  organized 
trainingplatL  It  would  also  be  difficult  to  measure  fee  networks  performance  to  determine 
the  number  and  types  of  training  patteros  tecpiired  for  fee  network  to  team  the  CLS 
operation.  It  would  in  aU  likelihood  be  very  large  and  training  would  probaUy  be  very 
time-consuming. 

A  secmid  q^oach  attengns  to  overemne  these  difficulties  hy  decomposing  fee 
surface  error  profile  into  a  truncated  Fourier  series  approxurufion.  Working  wife  this 
api^tBdrnation.  the  cooq)eosaticti  can  be  obtained  through  siqteiposition  of  a  wdl-defined, 
finite  set  of  trained  networks.  Theadvantageofthismefeodisfiiatfiietrainingissystematic 
and  organized.  It  is  eaaer  to  evahiaie  fee  pefformance  of  feis^stem  and  make  corrections 
to  it  The  formulation  of  feis  otgarnzed  neural  network  dectromagnetic  cortpensation 
algorithm  is  given  bdow. 

The  ifeysical  optics/qwrture  iraegration  (PO/AI)  forinulatioo  was  decoiiposed  into 
an  qtproximate  superposition  of  radiation  intends.  In  this  initial  study,  infinite  ^indried 
reflectors  were  used.  This  simplifies  fee  conplexities  and  yielte  greater 

insight  by  reducing  some  of  fee  numerical  difficnlties.  Hgute  3  shows  the  reflector 
geometry.  The  feed  array  dements  aeasauned  to  be  y-i>olarized.  ThePO/AIsointionfor 
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tbe  ndiattd  electric  fidd  from  the  amranain  Fig.  3  is  given  by^ 


E  =  — ^  e~^  T(&) 
231  Jr 


(2) 


aixl7X9)i^ 


ne)=  j  12N  X  H‘]  ei^'  ^ds'  (3) 

Apwatn 

where/V  is  die  surface  nonnal.y  is  the  magnetic  fidd  at  fl»e  reflector  smftce  due  to  tile  feed 
array,  r' is  die  vector  diat  locates  the  poiias  of  integratioaoo  die  smfrKX,  and  r  is  the  unit 
vector  in  the  dnecdon  of  ohservadon. 

L 

Figures.  Gecmetryfn-thebfflnitecylinebicairisflector. 

For  a  distorted  re&ctor  it  is  desiied  to  q^OKinuaB  the  surfme  as  a  smoodi  parabola 
idus  a  finite  series  of  perturbation  fimctions,  ^  In  tins  study,  a  truncated  Fourier 

series  vm  chosen  to  qipiQximate  the  surfiKc  error  profile.  The  deviation  from  a  smoodi 
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(4) 


where  Cma.  ^  are  tbe  ao^Utudes  of  tbe  Fourier  ttnns,  Cinft*  ^  VC  tbe  number  of  periods 
of  the  cosiiie  or  sine  across  the  reflector  diamecerD.  After  coosideraldenianipalatioo,  die 
int^ral  from  (3)  for  a  distorted  reflector  with  small  errors  can  be  be  iqiproximated  die 
decompositim^ 


m) -  2 Tcjm  +  2 -(M+N- i)Tcm  <3) 

m«l  a— 1 

where  l^(d)  is  equivalem  to  the  integral  from  (3)  for  a  reflector  with  a  cosine  enor  of 
magnitude  c;^  •Pd  periods  across  thedianieter,r,affl  is  equivalent  to  die  inayil  from 
(3)  for  a  reflector  with  a  sine  error  magnitude  2^1  and  ^  periods  across  the  diameier,  and 
l^(d)iseqoivalBnttotlieint^talfiPom(3)fQrasmoodiicfleGtoc:  Ttaefore,  given  die 
Fourier  coefficiems  of  die  surface  distottioa  profile,  die  compensation  excitations  for  a 
distorted  reflector  may  be  deaennined  as  a  sum  of  conqieosation  excitations  for  die 
individual  reflectors  widi  cosine  and  sine  emxs  usmg  die  radiation  integral  decomposition 
from  (3). 

fris  this  decmqiosition  which  allows  for  the  organizedneuial  network  compensation 
training  algoridun.  The  CLSmediod  is  used  to  coaqmte  the  training  data  (conqieasation 
excitations)  for  sets  of  leflecton  with  cosine  and  sine  errora  corresponding  to  die  terms  in 
(3).  TheCXSdatiiateusedtotiainsetsofneoialnetworiatointBrpolaiedieCLSexcitations 
givendieFoiiriercoefBcienis.  Adiagiamiihistratii^diisprooeduieisdiowninFig.4.  Each 
neeworic  consists  of  1  input  node  dud  corre^ionds  to  die  Fourier  coefficiem  for  a  given  sine 
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or  cosine  OTor.  The  number  of  outputs  for  a  network  is  twice  tbe  number  of  feed  dements; 
half  are  for  die  real  parts  of  the  exdtatitms  and  half  are  for  the  imaginary  parts  of  the 
ffTcirariftns  For  each  network  in  this  study,  there  was  one  hidden  layer. 


Measured 
surface  data' 


Decmrqiose  surface  eirc^ 
into  finite  FOurier  series 


IKAINH) 

NETWCXtKS 


Coinpensation 

P.Tritarifwyt 


Pigim4.  Diagram  illustrating  the  niuldUtyerfeedr^rward(liiLF)  network 
in^lemmUatUtncf  the  CLSntetitod  using  the  radiation  integral 
deeon^odtian  medtod.^ 

5.0  CtMopoisation  Results 

The  fimexaiupte  mused  to  iOnstiite  dm  validity  of  die  ^ipi^ximatioDS  in  (5).  The 
reflectorgemnetry  isthatr^Rg.  3.  The  fbcal  length  to  diameter  ratio  is  widi  a 

diameter  <rf  lOQX.  The  feed  anay  has  13  dements  graced  1.0%,  apart  The  dements  are 
assumedtoliavea‘*cos4(0)’’-9pep«eniwifli9^.  The  disttxtion  profile  is  given  by^ 


A  -  (0.0M)co.(?^)  +  (aOM)siii(2^j  (6) 

which  coneqionds  to  cosine  and  sine  errors  with  2  cycles  across  the  diameter.  Figures 
shows  the  radiation  pattern  for  the  smooth  reflector,  distorted  reflector  without 
conqieasation.  and  the  distorted  reflector  widi  die  actual  CLS  conqiensation  (no 
apiHTcndmation).  Figure  6  shows  die  cwnparison  between  the  performance  ofdie  actual  CLS 
compensation  to  tiiat  achieved  by  confuting  die  CLS  cxdtations  for  individual  reflectors 
distorted  by  die  cosine  and  sine  fiom  (d)  and  siqietposing  these  individual  exdtadons  using 
dieqipioximatk»givenui(3).  TbepetfotmancecftheniediodsinFig.6isalmo8tideiiticaL 
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AMPLITUDE(DB)  3  AMPLITUOE(OB) 


-10  -8  -6  -4  -2  0  2  4  6  3  ’0 


ANGLE(OEGREE) 

5.  Radiation  pattams  caiculatedfor  die  smooth  r^leetor  (dotted),  distorted 
r^ector  using  (6),  without  compensation  (soiid),  and  with  actual  CLS 
compensation  -  no  approximadons  (circles).^ 


ANGLE(DEGREE) 


Figured.  CrnigHtrismtcf  die  pafinmance  of  the  Mtual  CLS  congpmsadon  method 
no  ig?prmcbnatUm  (dot-dash)  and  die  superposition  of  indMduai  CLS 
excitadons  (dask-s^tare).^ 
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Tbe  second  example  illustrates  tbe  oeund  netwofk  compensatioo  technique  using  the 
decon^ositioa  in  (3).  The  reflector  is  the  same  as  in  the  first  example  with  the  exception 
of  the  surface  error  profile  which  is  imw^ 

A  =  (0.013i)cos(^lj  +  (0.022A)cos(^^^)  + 

(7) 

(0.027i)sm(^^)  +  (0.01U)sin(5^) 

This  A  has  multiple  qwtial  fiequency  enors  with  1. 2  and  3  pehods  across  die  reflector 
diameter.  The  enor  not  only  causes  high  side  lobes  but  also  scans  the  main  beam  off 
boresight 

The  neural  netwok  compensation  is  accomplished  dnough  a  set  of  10  trained 
networics  rqncseming  the  first  five  intqer  spatial  fiequendes  of  bodi  sine  and  cosioe  type 
enois.  As  noted  above,  die  input  to  a  networit  is  the  anqditude  of  the  Fourier  component 
There  are  40  nodes  in  the  hiddeal^er  and  26  outputs  for  each  networic.  Figure  7  shows  the 
radiadmipatiBnisfiardieanoodianduncoaqiensateddistionedreflectar.  Figure  8  shows  the 
radiation  patterns  due  to  a  distorted  reflector  widMot  conqieosadoo,  with  the  original  CLS 
conqiereatioo.  and  widi  dm  neural  network  superpositioa  Figure  9  compares  the  original 
CLSsdutionanddienenraliietworicsdutiaitodiedesiredsmoodiieflectorpatienL  Afew 
of  die  near-in  side  lobes  for  die  neural  network  method  are  sli^y  higher  dian  diose  for  die 
original  CXS  compensation.  Hus  is  partly  due  to  the  approxiiiiationsmdassunqnions  made 
in  formulating  the  deconqwsition  of  die  radiation  int^ral  (3)  and  pardy  due  to  die  neural 
netwoik  simulation  of  the  CLS  conqiensatimi  technitpie. 
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-  smooth 

-  distorted 


-5  - 


Anfle  (degrees) 

PigunJ.  Rmtiation  patterns  for  the  smooth  rtflector  (solid)  and  a  distorted  rtflectar 
wUioutam^ensatimi? 


A 


- distorted 

-  cls-total 

*  nn-sum 


-5  - 


Angle  (degrees) 


Wiggni.  Radiation patternsfor  a  distorted  r^ectorfw  no  eong>ensation(daslwd), 
original  CLS  compenscdUm  (solid),  and  neundnet¥9ork  compensation  (trimgies).^ 


Angle  (degrees) 

Pignn9.  RadUoUm  patterns  for  a  $mootiinfUetor(stMd),  distorted  r^ieetor  with 
original  CIS  compensation  (dashed)  and  neural  network  eon^atsatton  (trkmgies)f 

While  dwre  is  slight  ch^mdaiioa  in  die  compensstioo  petfonnsnoe,  s  ngmficsm 
advanage  is  gilned  in  computnional  ^leed.  Once  tiained,  da  neural  network  soindoo  is 
niuch  Cater  dan  da  original  CLS  method.  Ihhiel  daws  a  epical  cooqarison  of  sotudon 
dnasfordaqdindricalreflectan.  Thein^provenaatinq^eedshooldbemnchgieaierwhen 
woridngwithpandMioidalreflectafS.  Ha  original  CXS  algoridm  can  take  sevceri  hours 
to  produce  da  conqansadoa  exdttdoos  while  da  neural  network  algoridim  win  condnne 
to  take  just  a  few  secotals. 


TsMel,  Convutational  time  requirements  for  the  itfinite  e:^indrical  r^eetw 
compensatkm/nvNemftomExanqrlel.  The  calculations  were  perfirrmed  onaSun 
SPRRCstatUml. 


Ordinal  GLS  nadiod 

20  miimtes,  31  seconds 

Neural  network  coaqaosaioii  naihod 

<2aeconds 

Trainirig  tune  for  raural  networks 

3  to  10  minutes  per  network 
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(.0  Swnniary 

This  study  analyzed  an  existing  dectromagnetic  suiftce  oror  compeiisati(Mi 
technique, CLS, and anewneuralnetwarkfonnulation.  Themultilayafeed-forwaidneuna 
netwctk  was  investigated  for  its  aUlity  to  ajqjroximate  die  performance  of  the  CLS 
cooqieosatioii  technique.  The  radiadtm  int^iral  decmnposition  allowed  for  an  organized, 
systematic  way  to  train  the  set  of  networks  and  [vovided  the  means  for  easy  eiqiansion  and 
modificadon. 

The  results  showed  that  the  neural  network  algoridun  provided  neatly  equivalent 
perfonnanoe  conqiared  to  that  of  the  original  CLS  method.  The  advantage  of  using  the 
neural  network  algorithm  is  its  computatitmal  efficiency.  The  training  can  be  time 
consuming  but  is  performed  iqi  front  Chice  trained,  the  neural  network  mediod  is  very  fast 
and  makes  near  real-time  contrd  possiUe. 
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THEORETICAL  AND  EXPERIMENTAL  STUDIES  OF 
MICROSTRIP  REFLECTARRAYS  USED  FOR 
MOBILE  AND  SATELLITE  COMMUNICATIONS 


John  Litva,  Yuan  Zhuang  and  Chen  Wu 
Communications  Research  Laboratory,  McMaster  University 
Hamilton,  Ontario,  Canada  L8S  4K1 


[ABSTRACT] :  The  theoretical  and  experimental  studies  of  microstrip  reflectarray,  for  the  ap¬ 
plications  in  mobile  satellite  communications,  is  presented  in  this  paper.  A  highly  efficient  full-wave 
analysis  technique  •  combination  of  CG-FFT  method  and  the  complex  discrete  image  technique  -  has 
been  devdoped  for  the  analysis  of  reflectarrays.  Based  on  the  technique,  a  design  scheme  is  proposed 
and  applied  to  some  trial  derigns.  A  few  prototypes  have  been  designed,  analyzed,  constructed  and 
tested.  Experimental  and  theoretical  results  are  compared  and  found  to  be  in  good  agreement. 

1  .  INTRODUCTION 

Mobile  and  satellite  communication  systems  require  high  gain  antennas  which  are  compact  in  size 
and  light  weight.  Downsizing  antenna  technology  recently  recrived  a  lot  of  attention  recently  by 
antenna  researchers.  The  microstrip  reflectarray  (MRA  in  short)  has  been  suggested  as  a  possible 
antenna  for  mobile  and  satellite  communications.  [1] 

The  use  of  reflector  antennas  for  beam  forming  is  analogous  to  reflectors  used  in  optics  -  the 
reflector  surface  is  properly  designed  and  fabricated  to  compensate  for  the  phase  differences  of  the 
flelds  travdling  from  the  feed  to  different  points  on  the  reflector.  A  coherent  phase-front  for  the  re¬ 
flected  field  is  thereby  generated.  To  reach  the  same  goal,  the  microstrip  reflectarray  uses  microstrip 
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patches  (see  Fig.l),  connected  to  open  or  short  transmission  lines  to  form  a  directional  beam.  The 
patches  serve  as  re-radiators,  and  the  connected  microstrip  transmission  lines  (we  call  them  tails)  as 
phase  shifters.  The  tails  are  adjusted  so  as  to  generate  a  coherent  field  in  a  wanted  direction. 

Following  the  introduction  of  the  concept  of  xnicTMtrip  reflectarrays  in  1987,  only  a  few  feasibility 
studies  have  been  carried  out.  They  have  been  primarily  experimental  in  nature  [2].  This  is  due  to 
the  fact  that,  as  of  yet,  virtually  no  design  tods  have  been  developed  for  these  types  of  structures.  To 
add  to  this  challenge,  it  should  be  noted  that  the  structures  are  usually  fdrly  large.  In  this  paper,  we 
present  theoretical  and  experimental  studies  of  MRAs.  This  work  is  carried  out  by  using  full-wave 
analysis  techniques  developed  in  our  laboratory,  which  are  a  unique  combination  of  the  CG-FFT 
method  with  the  complex  discrete  image  technique.  This  technique  is  very  efficient  in  terms  of  com¬ 
puter  memory  and  computing  time.  It  allows  ns  to  deal  with  very  large  MRAs  (up  to  1000  area  of 
10  grids/A)  without  any  difficulty.  Based  on  this  full-wave  analysis  technique,  we  have  proposed  an 
optimized  design  scheme.  Our  design  approach  is  based  on  studies  of  different  shaped  re-radiators, 
different  element  layouts,  phas?  shift  vs.  length  of  microstrip  tails,  current  distributions,  and  phase 
errors  and  t<derance  analysis.  We  have  designed,  analyzed,  constructed  and  tested  some  prototype 
arrays.  The  experimental  results  verify  our  theoretical  studies. 

2.  ANALYSIS 

To  accurately  analyze  a  very  large  microstrip  reflectarray,  in  particular,  “  to  accurately  predict  the 
backscaterred  fields  from  thousands  of  non-uniformly  illuminated  microstrip  patches  with  un-equal 
lofigtbg  of  microstrip  transmission  lines,  a  very  complex  analysis  technique  needs  to  be  developed  [1]. 
”  The  Conjugate-Gradient  Fast  Fourier  Transform  Method  (CG-FFT)  is  very  suitable  for  analyzing 
large  microwave  structures  [3].  When  combined  vnth  the  discrete  image  technique  [4],  CG-FFT  be- 
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comes  a  very  robust  technique  for  analyzing  very  large  microstrip  antenna  arrays  [5].  In  this  paper, 
this  technique  is  utilized  to  simulate  a  large  microstrip  reflectairay,  as  well  as  to  predict  the  phase 
shifts  of  single  patches  with  different  lengths  of  tails,  all  in  an  array  environment. 

The  general  integral  equation  describing  a  microstrip  antenna  can  be  written  as: 

-  n  X  =  n  X  jf  Gif,  f')  •  J(f')dS  (1) 

with  the  conducting  surface  denoted  by  S,  the  current  /,  the  incident  field  £*’^,  the  unit  vec* 
tor  normal  to  the  surface  n  and  the  dyadic  Green’s  function  G.  If  the  equation  is  written  into 
an  operator  equation  form,  then:  £  s  X(J).  The  iterations  of  CG  algorithm  minimize  the  func* 
tional  F(j)  »<  f,  f  >s  ||fjp  where  f  s  XJ  —  £  .  Because  the  integration  in  (1)  is  convolutional, 
an  FIT  can  be  used  to  compute  the  operation  ZV  and  X*i^  (X":adjoint  operator;^  :  /  or  f). 
The  CG-FFT  method  is  very  efficient  in  terms  of  computer  memory  (0(N))  and  computing  time 
(0(4A(l  +  ioff3A)). 

To  overcome  the  difficulties  of  Sommerfeld-type  Green’s  function  related  with  microstrip  struc¬ 
tures,  the  full-wave  discrete  image  technique  is  adopted  into  CG-FFT.  This  technique  can  convert  the 
complicated  Sommerfeld-type  Green’s  function  into  a  series  of  simple  free-space-type  Green’s  func¬ 
tions  without  losing  any  full-wave  information.  The  computing  time  required  for  the  generation  of  the 
discrete  image  is  neglipble  compared  to  the  CG-FFT  procedure  and  for  a  given  substrate  (single  or 
multilayer)  (mly  one  set  of  image  has  to  be  found  r^ardless  of  the  antenna’s  configuration  and  layout. 

In  the  nitniilatimi,  the  incident  field  £^  is  defined  by  the  characteristics  of  the  feed  antenna. 
When  the  type  and  the  location  of  the  feed  is  decided,  it  is  not  difficult  to  calculate  the  incident  fields 
precisely  (  magnitudes,  phases  and  glaanrig  angles  )  at  every  position  within  the  reflectairay.  After 
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the  calcolatioii  of  the  current  distribution,  J{^)  on  the  conducting  surface,  the  Fourier  IVansform  of 
the  /on  a  single  patch  with  tail  can  be  carried  out  to  ^ve  the  phase  information  of  the  re-radiated 
field  from  the  patch. 

!((••*)  =  /  (2) 

with  f’ s  x*x  +  y'y  +  s  x  or  y  and  k,  =  k(sin0eos^  sinBsiwky  +  eos0z). 

S.  DESIGN  SCHEME  AND  RESULTS 

Based  on  the  simulation  approach  described  above,  combined  with  conventional  optics,  refiector  an¬ 
tenna  and  array  theories,  an  optimised  design  scheme  is  proposed  ,  which  is  shown  explicitly  in 
diagram  form  in  Fig.2.  It  should  be  noted  that  a  number  of  different  types  of  refiector  antennas  can 
be  designed.  These  include  the  parabolic,  the  elliptical,  hyperbolic,  circular,  triangular  comer,  and, 
of  course,  fiat  sheet.  The  feed  can  have  a  big  o&et  from  the  center  of  the  array,  as  long  as  the  phase 
shifts  from  each  patch  are  predicted  accurately  before  deagning  the  layout  of  the  complete  array. 

Fcdlowing  the  scheme  pven  in  Fig.2,  we  have  ^uiated  ,  designed  and  tested  some  trial  X-band 
linear  microstrip  refiectarrays,  with  different  numbm  of  patches.  Each  patch  is  resonant  at  12  GHz. 
The  €r  of  the  substrate  used  is  2.2,  and  its  thickness  is  1.59mm.  Fig.3  shows  the  experimental  set-up 
in  our  anechmc  chamber. 

Ifrst,  the  relationship  between  the  phase  shift  of  the  reflected  field  from  a  angle  patch  and  the 
length  of  the  connected  tail  is  investigated.  This  is  presented  by  the  solid  line  in  Fig.4.  To  show 
the  effect  of  mutual  coupling,  a  sing^  patch  in  an  array  environment  has  been  analyzed,  and  the 
phase  shift  relation  is  shown  in  Fig.4(da8hed  line).  To  study  the  effect  of  different  shaped  patches. 
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the  phase  shift  of  patches  with  indented  tails  are  also  simnlated(Fig.4,  dotted  line). 

The  whole  array  is  analyzed  using  CG-FFT.  In  the  simulation,  we  found  that  the  current  dis¬ 
tributions  on  the  patches  ate  effected  by  the  attached  tails.  This  behavior  is  due  to  the  impedance 
looking  into  the  tail  at  the  junction  with  the  patch  varying  with  the  length  of  the  tail.  For  instance, 
the  impedance  should  be  near  zero  when  the  tail  length  is  The  current  distribution  on  the  patch 
for  this  case  should  be  close  to  zero  because  of  the  short-circuiting  effect  of  the  tail.  As  the  length 
either  increase  or  decrease  with  respect  to  the  current  increase  monotonically.  This  is  known  as 
^  effect.  These  rdationships  is  shown  in  Fig.5. 

The  current  distribution  and  radiation  pattern  for  the  first  design  example  are  shown  in  Fig.5. 
The  radiation  pattern  is  calculated  from  the  current  distribution.  The  H-plane  (focused  plane) 
pattern  is  shown  in  Fig.7(sdid).  The  main  beam  is  focused  in  the  direction  we  designed.  The  mea¬ 
surements  for  the  array  are  carried  out  in  our  anechoic  chamber.  The  measured  pattern  is  compared 
with  the  simulated  pattern.  Reasonably  good  agreement  is  shown.  Due  to  the  absence  of  a  proper 
12GHz  low-noise-amplifier,  the  pattern  measured  outude  of  50**  is  dominated  by  nmse.  We  can  find 
that  the  currents  on  the  central  patches  ate  smaller  than  those  on  the  side  patches  (V-shape)  which 
results  in  a  rdatively  high  side-lobe-levd(SLL).  This  is  because  of  (1)  the  edge  effect  of  the  backscat- 
tering  field  finnn  the  arrays;  (2)  the  improper  arrangement  of  the  length  of  tails  (  or  say  the  location 
of  the  reference  zero-degree  patch). 

To  overcome  the  destructive  tail  effect  and  edge  effect,  we  propose  the  following  scheme. 

•  Add  some  dummy  dements  at  both  sides  of  the  array.  Fn»n  Fig.8,  we  can  find  that  if  we  put 
some  patches  with  ^  tails  at  the  both  sides  of  the  array  (Range  B),  the  short-drcnit  effect 
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ud  the  edge  effect  can  cancell  each  other. 


•  Combine  two  ways  of  tanning.  In  Dr.Po2ar'8  work  {?],  they  find  that  the  phase  of  the  re-radiated 
fidd  can  be  shifted  by  the  length  of  the  patch.  So  we  propose  that  by  combining  the 

two  techniques  for  tunning  the  patches,  i.e.,  by  changing  the  length  of  tails  and/or  the  length 
of  patches  -  we  can  achieve  an  optimal  current  distribution  as  well  as  the  desired  phase  shifts. 


Fig.9  &  10  ^ve  an  example  of  a  MRA  before  and  after  the  implementation  of  the  above  optimal 
adjustment.  We  can  find  the  improvement  ci  the  SLL  oi  the  modified  M&A  with  a  little  cost  in  the 
width  of  the  main  beam. 

Fig.U  &  12  give  the  measured  results  for  two  other  MBAs  without  using  the  above  scheme. 
Both  of  them  focus  at  the  designed  direction  accuratdy,  0*’  and  12*’  respectively.  The  work  of  deugn, 
ocmstruction  and  test  of  a  large  2D  MRA  with  optimal  adjustment  is  under  the  way. 

4.  CONCLUSIONS 

From  the  simulations  and  measurements  carried  out  in  this  paper,  the  following  conclusions  can 
be  drawn.  To  achieve  accurate  focusing  of  the  microstrip  reflectarray,  one  of  the  key  pmnts  is  to 
determine  the  jnedse  phase  Aift  of  the  re-radiated  signal  of  each  single  patch  in  the  array.  This 
phase  is  contrdkd  caused  by  the  length  of  the  connected  short  transmission  lines.  Intuitivdy,  a  Unear 
rdationship  between  the  phase  shift  and  the  length  ot  the  tails  is  expected.  This  can  be  proven  true 
if  the  equivalent  transmissiain  line  model  is  used.  But  at  a  higher  frequency  (e.g.  X-band  )  and  in  an 
array  oiviroainent,  ^he  tail  cannot  sin^y  be  treated  as  a  pure  transmission  line.  The  effects  of  re- 
radiatkm,  surface  waves  and  mutual  coupling  between  nei^bouiing  patches  and  tails  ,  etc.,  have  to 
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be  onuidered.  This  is  true  in  the  analysis  of  complete  array  as  well  as  in  the  prediction  of  the  phase 
change  of  each  patch.  Onr  proposed  approach  was  takmi  all  these  factors  into  consideration.  The 
delation  results  show  that  the  phase  shifts  vs.  lengths  of  tails  is  not  a  simple  linear  relation.  By 
carrying  out  a  study  of  different  shaped  patches,  we  find  that  we  can  make  the  array  more  compact 
and  achieve  better  focusing  by  properly  choosing  the  shape  and  layout  of  the  patches  in  the  array. 
AAs  well,  by  carefully  arranging  the  patches  with  zero  phase  shift,  by  putting  some  diunmy  elements 
at  the  edge  of  the  array  and  by  using  two  tunning  techniques,  we  can  improve  the  performance  of 
MRA  (gain,  SLL,  etc.).  Continuing  research  is  unda  way. 
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FIGDKE  1 
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Hg3  Experiment  set-iq>  for  microstrip  reflectanay  measurement  in 
an  anechoic  chamber 


Fig.4  Ihe  phase  shift  of  the  re-radiated  field  from  a  patch  wirii  a  tail 
Sdid  line :  single  patch; 
rfagtv-H  line:  patch  in  anay  environment 
dot  line :  patch  widi  inctoited  tail 


251 


The  rdadcMuhy  between  the  current  magnitude  and  the  length  of  tail 
of  ft  reactangnlar  patdL 


Hg.6  The  cmrait  distribution  <»  ft  mictostiq)  leflectftiTfty  ( on  some  centeral  patdies) 


Fig.7  TherKliatkmpftttemofdiemiGrostfq’reflectanfty 

sdidlhieisiaiulfttioniewlt  dor  line  imeasmedresuU 
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:.>  OA  m  MICA 


The  cufTwit  distribution  d«8h»d 


Fig.8  The  magnitiide  of  cuxxeiit  distribution  (cross  section) 
Range  A:  two-way«tunmng  range 
Range  B :  dununy  elements  range 
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Fig.9  Radiatitm  pattern  of  die  MRA  widiout  two-way>tuniiing  adjustmoit 

Rg.10  Radiation  pattern  of  the  MRA  with  two-way-tunning  adjustment 


Hg.ll  Measured  iiffiirtk»pittem<tf  a  linear  Odq;ree 

main  beam  diiectkm. 


1^12  Measai»drMiatioopaoeni<rfaliiiearimGio8tripreflectairay  with  12  degree 
mam  beam  direction 
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A  STUDY  OF  THE  SYNTHESIS  OF  A  LARGE  COMMUNICATIONS 
APERTURE  USING  SMALL  ANTENNAS 

Tom  Cwik,  Vahraz  Jamnejad,  and  George  Resch 
Jet  Propulsion  Laboratory 
California  Institutt  of  Technology 
Pasadena,  CA  91 109 


ABSTRACT 

The  Jet  ftopulsion  Laboratcny  is  currently  engaged  in  a  study  to  develq>  a 
quantitative  understanding  of  the  performance,  cost,  and  technical  risks  associated 
with  synthesizing  a  large  lyrerture  from  an  array  of  smaller  aperture  antennas.  The 
anay  will  be  a  receive-<Mily  system,  operating  simultaneously  at  S*band  and 
X-band.  This  Small  Aperture  Array  Study  will  parameterize  costs  of  the  entire 
array  as  a  functkm  of  the  antenna  element  diameter  for  a  prescribed  G/T  (gain 
divided  by  system  ndse  temperature).  As  a  benchmark,  the  prescribed  G/T  will  be 
that  of  a  small  number  of  Deep  Space  Netwmk  70m  antennas  (one  to  three).  In 
dus  pfQ>er,  the  costs  for  the  antenna  subsystem  are  parameterized.  The  entire 
system  cost  parameterization  is  available  elsewhere. 

L  INTRODUCTION 

The  Jet  Pnc^ulsimi  Laboratory  is  currently  engaged  in  a  study  to  develc^  a 
quantitative  understanding  of  the  performance,  cost,  and  tedinical  risks  associated 
with  syndiesizing  a  aperture  frcwa  an  array  of  smaller  aperture  antennas.  Such 
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an  airay  would  support  the  communicaticms  links  to  spacecraft  engaged  in 
planetaiy  and  solar  system  exploration.  This  study  iqnesents  the  conceptual 
e3q>loraticm  of  a  particular  evolutionaiy  path  that  is  open  to  the  Deq>  Space  network. 
The  array  will  be  a  receive  only  system,  operating  simultaneously  at  S-band  and 
X-band.  The  product  ci  die  study  is  an  analytic  model  that  relates  the  total  system 
cost  to  the  diameter  of  the  elemental  apertures  for  a  given  GfT  (Le.,  total  antenna 
^dn  divided  by  total  system  temperature).  As  a  benchmark,  the  prescribed  G/T 
win  be  that  of  a  small  number  of  Deep  Space  Network  70m  antermas  (one  to 
three).  Costs  for  the  complete  system  wiU  be  parameterized.  These  include  the 
antennas,  radio  and  intermediate  frequency  amplification,  signal  distribution, 
combiner  electtmucs,  and  the  nxxutor  and  C(»trol  needed  to  operate  the  array  in  a 
synchronous  fashioiL  This  paper  documents  the  results  of  the  antenna  subsystem 
cost  analysis. 

2.  ANTENNA  COST  MODEL 

The  antrana  system  is  an  obvious  and  majOTCon^nait  in  die  overall  array 
costmodeL  As  will  be  detailed,  the  antenna  system  will  be  divided  into 
sttbsystons  diat  include  all  mechanical  arul  structural  components,  the  foundation, 
and  mictowave  qpdcs  (including  the  feed  ^stem,  but  not  including  any  electrcxiic 
packages).  To  sinqilify  the  cost  estinuuicm  process  and  keep  it  within  a  Ihnited 
rime  and  budget,  '*off  the  shelf'  technology  is  to  be  used  f<n:  each  subsystem.  It 
was  decided  to  contract  to  two  companies  ^leciali^g  in  antenna  ground  station 
design  and  fabrication  so  that  detailed  antenna  subsystem  costs  could  be  supplied, 
and  that  the  estimated  costs  would  not  be  ^leculative.  These  two  conqianies  are 
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TIW  Systems,  Inc.,  Sunnyvale,  CA,  and  Scientific  Atlanta,  Inc.,  Atlanta,  GA  (SA). 
The  two  ccMnpanies  have  previously  supplied  JFL  with  antenna  systems,  and 
therefore  are  familiar  widi  the  specific  requirements  and  procedures  of  the  DSN. 
Specific  tasks  that  the  ccmtractors  were  to  ccnnplete  are  as  follows; 

•  For  eight  antenna  diameters  ranging  from  3  to  35  meters,  production 
techniques  will  be  investigated  and  a  preferred  design  for  each  antenna 
subsystem  will  be  specified. 

•  The  design  will  include  specifying  antenna  optics  for  each  antenna  size 
based  on  cost,  manufacturability,  and  performance. 

•  Each  subsystem  will  be  further  divided  into  non-recuning  and  recurring 
costs. 

•  Because  of  the  large  number  of  antennas  that  could  be  fabricated 
(especially  at  the  smaller  diamerers),  it  is  expected  that  an  economy  of 
scale  will  be  encountered.  This  cost  study  should  outline  breakpoints  in 
production  where  costs  drop  for  a  given  diameter  as  more  anteimas  are 
fabricated. 

•  To  assist  in  the  probabilistic  determination  of  the  number  of  antennas 
needed  to  maintain  a  prescribed  G/T  margin,  the  cost  estimates  should 
oudine  antenna  components  which  critically  affect  reliability,  and  detail 
the  costs  of  critical  components  as  a  function  of  reliability. 

Due  ti>  the  limited  time  and  budget  of  the  ccxitracts,  the  last  three  items  were  not 
examined  in  great  detail.  The  costs  in  tiiis  section  therefore  do  not  reflect  any 
reducticms  tiiat  may  be  gained  mass  production  of  antenna  systems  specifically 
designed  for  this  DSN  array  iqpplicatimi. 
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3.  ANTENNA  SPECIFICATIONS 


The  number  of  antennas  needed  to  synthesize  the  G/T  of  a  70m  antenna  is  a 
function  of  the  diameter  and  system  noise  temperature  of  the  antennas.  Shown  in 
Table  1  is  the  range  of  die  number  of  antennas  needed  for  each  of  the  eight 
diameters  specified  to  the  contractors.  The  column  of  minimum  units  conesponds 
to  coded  amplifiers  and  enough  antenna  elements  to  comprise  one  station,  while 
the  maximum  number  of  units  corresponds  to  uncooled  amplifiers  and  enough 
elements  to  comprise  three  stations.  This  range  was  specified  to  allow  for 
economies  of  scale  in  production  methods  to  surface,  and  for  a  complete 
parameterization  of  the  antenna-amplifier  system  based  on  system  noise 


Table  1.  Minimum  and  Maximum  Antenna  Elements 


Diameter  (m) 

Units 

Minimum 

Maximum 

3 

545 

27,000 

5 

196 

10,000 

10 

49 

2,500 

15 

22 

1,100 

20 

12 

615 

25 

8 

394 

30 

5 

274 

35 

4 

201 
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tanperature  and  antenna  diameter.  Q>mtnon  sense  dictates  that  an  array  of 
inexpensive  S-meter  antennas  using  expensive  cooled  amplifiers,  as  well  as 
ocpensive  35-meter  antennas  using  inexpensive  uncooled  amplifiers,  should 
produce  extremes  in  the  cost  model  These  extremes  would  be  expected  to  bound 
the  cost  model 

The  antenna  optics  are  broken  into  two  regimes.  For  small  diameter 
antennas,  a  frequency  selective  subreflector  is  used  to  separate  S-band — arranged  as 
a  prime  focus  system — ^fiom  X-band,  which  is  arranged  in  a  Cassegrain  system. 
Fot  larger  diameter  antennas,  both  bands  (^)erate  in  a  Cassegrain  system,  with  the 
bands  separated  by  either  a  dual-fiequency  (concentric)  feed,  or  a  fiequency- 
selective  surface  (FSS)  diplexor.  It  was  expected  that  the  break  would  occur  in  the 
range  of  l&-2()*meter  antenna  diameters.  This  breal^oint  option  and  fiequency- 
ctnnbiTung  method  were  left  to  the  contracts.  TIW  arrived  at  designs  which  used 
prime  focus  S-band  designs,  including  an  FSS  subreflector,  for  diameters  up  to  and 
including  10  noeters,  and  Cassegrain  configurations  vdth  a  dual-fiequency  feed  for 
diameters  of  15  noeters  and  larger.  Scioitific  Atlanta  arrived  at  similar  designs  but 
with  a  breakpoint  where  the  dual-fiequency  feed  is  used  for  diameters  greater  than 
21  meters. 

To  gain  a  richer  understanding  of  tiie  antenna  system  cost  model,  die  antenna 
was  broken  into  eight  subsystems.  These  are  as  follows; 

•  Antenna  Support  Structure.  Dengns  for  all  antenna  sizes  woe 

conventional  elevation  over  azimuth  configurations.  Due  to  the  range  of 
antenna  sizes  considered,  modifications  based  (xi  production,  shipping, 
and  assembly  were  made  to  arrive  at  a  final  design. 
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•  Main  Reflector  Surface.  Again,  based  on  antenna  diameto-,  different 
panel  i»oduction  mediods  were  used  ia  die  final  design. 

•  Axis  Drive.  Includes  actuators,  drive  gearboxes,  and  bearings. 

•  Position  Control.  Includes  encoders,  motors,  cabling,  and  ccmtiols. 

•  Feed  System  flncluding  FSSV  As  noted  above,  different  feed  systems 
were  used  at  the  diameter  brealqxnnts  specified  by  the  contractcnr. 

•  Foundation.  No  below  ground  enclosure  supplied. 

•  Power  Supply.  Includes  distrilmtion  on  site. 

•  Shipping.  Installation,  and  Testing.  Different  strategies  fen- installation 
and  testing  were  used  based  m  antenna  diameter. 

Summaries  of  die  designs  as  well  as  the  cost  information  are  ctmtained  in  the  final 
reports  supplied  by  die  ctnitractors. 


4.  PERFORMANCE  REQUIREMENTS 

The  peifoimance  requirements  specified  to  the  ctnitractors  are  those  contained 
inthe  JFL  DSN  Document  8 10-S,  Volume  1:  Existing  DSN  Ciqiabilities.  The 
spedficatioas  necessary  for  diis  study  are  listed  in  Table  2. 


5.  THE  ANTENNA  COST  MODEL 

‘DaditicMially,  antenna  cost  models  have  followed  a  power  law 


Table  2.  Antenna  Element  Specifications 


Parameter 

Specification 

Operating  Frequency 

From  S-band  to  X-band 

Axis  Coverage: 

Elevation 

0*to90« 

Azimuth 

±200® 

Reflector  Surface 

Solid  aluminum 

Envircmments; 

Precision  Operation: 

Wind 

10  mph  gusting  to  12  mph 

Rain 

2  inches  per  hour 

Temperature 

0®Ftoll5®F 

Normal  O^xation: 

Wind 

30  mph  gusting  to  36  mph 

Rain 

2  inches  per  hour 

Temperature 

0®Ftoll5®F 

Survival: 

Wind 

100  mph  (stowed) 

Seismic 

0.3  G  hcnizontal  and  0.15  G  vertical 

HaU 

Up  to  1-inch-diameter  stones 

Temperature 

-20®Ftol80®F 

Drivc-to-Stow 

60  mph 

Maximum  Tracking  Rates: 

Velocity 

0.4®/sec 

Acceleration 

0.4®/sec2 

Maximum  Slew  Rates: 

Velocity 

0.4®/sec 

Acceleration 

0.2®/sec2 

Site  Location 

Australia 

Soil  Conditions 

3,000  psf  bearing  capacity  at  3  feet  below  grade 

(no  piles  required) 

Axis  Configuration 

Elevation  over  aamuth 

Table  2.  Antenna  Element  SpeciEcations  (Ccrndnued) 


Parameter 

Specificaticm 

Pointing  Accuracy: 

Plosion  Operation 

0.1  beamwidth 

Normal  Operation 

0.2  beamwidth 

Surface  Accuracy: 

Precision  Operation 

0.030-inch  RMS 

Normal  OperaticHi 

0.03S-inch  RMS 

Omciete  FcnmdaticHi 

Minimum  height  (no  building  room  required) 

where  a  iqnesents  a  omstant  fixed  cost,  d  is  a  constant,  and  De  is  the  dish 
diameter.  The  exponents  is  the  critical  parameter  in  the  cost  noodel,  driving  costs 
as  the  antenna  size  increases.  This  parameter  has  been  previously  estimated  by 
examining  costs  of  existing  antennas  and  fitting  the  above  power  law  to  die  data. 
One  early  estimatel^l  gavex  as  2.78,  and  this  number  has  been  widely  quoted.  In 
diis  study  we  will  fit  die  above  power  law  to  die  overall  antenna  element  cost,  but 
will  also  examiiie  the  subsystem  costs  using  fits  appropriate  fOT  the  subsystem. 

For  example,  the  feed  subsystem  does  not  have  to  increase  with  dish  diameter,  but 
may  show  step  function  breaks  when  changing  from  prime-focus  S-band  ^stem 
to  dual-frequency  Cassegrain  systems. 

Figure  1  shows  the  cost  estimates  from  the  two  contractors  for  the  antenna 
elements  as  a  function  of  diameter.  Scientific  Atlanta  supplied  data  for  more 
diameters  than  specified  because  they  have  existing  systems  or  cost  data  at  13, 16, 
18, 21,  and  32  meters.  The  SA  data  is  not  as  smooth  as  the  TlW-supplied  cost  data 
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Hgure  1.  Total  antenna  element  cost  and  power  law  fits  to  data. 

Costs  in  fits  to  data  are  in  units  of  $K. 

because  of  design  variations  at  some  diameters.  Specifically,  SA  supplies  an 
18-meier  system  where  the  structure,  foundation,  and  shipping,  installatitxi,  and  test 
subsystems  are  optimized  fOT  cost 

Power  law  fits  to  the  data  are  also  shown  on  the  plot  For  both  data  sets,  it  is 
seen  tiiat  tiie  cost  increases  as  the  diameter  is  squared,  counter  to  higher  powers 
previoody  published.  It  is  interesting  to  note  that  the  Project  Cyclops  studyl^l  came 
to  the  same  ocxicluskm  for  2S-meter  to  ISO-meter  antennas.  The  fact  that  antenna 
costs  scale  as  diameter  is  squared  profoundly  affects  the  overall  conclusions  of  this 
study. 


ANTENNA  ELEMENT  COST 
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ANTENNA  SUBSYSTEM  COSTS 

Cost  data  for  the  eight  antenna  subsystems  are  presented  in  Hgures  2-9. 
Costs  for  q)ecific  subsystems  at  specific  antenna  diameters  are  plotted  cm  the  charts 
for  boA  ccxitracmrs.  The  circle  and  square  symbols  denote  the  points  where  data 
was  supplied,  and  solid  lines  ccxmect  Ae  data  points.  On  each  chart,  fits  have  been 
made  to  the  data.  Where  aiqnopriate,  power  law  fits  have  been  made;  oAerwise, 
step  functions  are  used  to  model  breaks  in  Ae  data.  For  some  components  it  is 
clear  that  Ae  SA  data  does  not  have  an  obvious  fit  to  a  particular  cost  nuxieL  As 
mentkMied  previously,  this  is  due  to  optimizations  of  certain  Aameters  for  cost 
reduction. 


Hgure  2.  Cost  and  power  law  fits  to  data  for  antenna  support  structure. 
Cc^  in  fits  to  data  are  in  tmits  of  $K. 
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ANTENNA  MAIN  REFLECTOR  COSTS 
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Hgure  3.  Cost  and  power  law  fits  to  data  for  antenna  main  reflector. 

Costs  in  fits  to  data  are  $K 


7.  SUMMARY 

For  die  puxposes  of  the  overall  anay  cost  modeL  the  cost  power  law  fits  fiom 
Hgure  1  are  sufficient  to  model  the  antenna  system.  When  fit  to  a  power  law,  the 
data  fitim  the  two  contractors  are  remaikably  similan 


^77W  4.22d2  ®17 

=  39.26+  (KS). 


(2) 


> 
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ANTENNA  AXIS  DRIVE  COSTS 


Hgure4.  Cost  and  fits  to  data  for  antenna  axis  drive. 
Costs  in  fits  to  data  are  in  units  of  $K. 


For  better  local  fits  to  the  data,  or  for  individual  subsystem  cost  data,  the  individual 
models  shown  in  Hgures  2-9  can  be  used.  An  antenna  system  cost  model  made 
die  individual  subsystems  is  dien 

^ ”  Qw*  ^tEF  ^AX  Qoj  +C,rEED  ”*■  ^FOUN  ^FOW  +  Cgfp  iK$)  /o 


^triiere  dieintfividual  subsystem  costs  are  given  in  die  figures. 
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ANTENNA  POSITION  CONTROL  COSTS 


Hgurc  5.  Cost  and  fits  to  data  for  antenna  position  control. 
Costs  in  fits  to  data  are  in  units  of  $K. 


It  is  interesting  to  break  down  the  costs  by  subsystem,  examining  the 
fraction  eadi  subsyston  contributes  to  die  total  antenna  cost,  as  well  as  die  scaling 
each  subsystna  Hgure  10  is  the  percmt  of  total  cost  fix' each  of  the  eight 
sub^stems  fia:  the  TIW  data.  It  is  seen  that  structure,  reflector,  and  shipping, 
installatkm,  and  test  subsytem  costs  increase  with  diameter  size;  feed,  position 
cmitid,  and  power  subsystem  costs  decrease,  while  foundation  and  axis  drive  costs 
are  relatively  craistant  For  3-meter  antennas,  the  feed  and  position  crmtrol 
subsystems  cmitribute  57%  of  total  cost — diis  is  an  obvious  area  fin*  cost 
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leductiofis  for  high  quantity  production.  To  extrapolate  cost  scaling  for  larger 
systems,  the  individual  cost  models  (three)  were  calculated  for  diameters  up  to 


ANTENNA  FEED  SYSTEM  COST 


Hguie  6.  Cost  and  power  law  fits  to  data  for  antenna  feed  system. 

Costs  in  fits  to  data  are  $K. 

1(X)  meters.  The  costs  woe  calculated  based  cm  dte  individual  cost  models  for 
nw  data  in  Hgures  2-9  with  power  law  fits  made  to  die  resulting  extrapolated 
Alia-  b  was  seen  that  when  a  power  law  was  fit  to  data  up  to  SO  meters,  the  cost 
scaled  as  for  fits  to  70  meters  the  costs  scaled  as  and  for  fits  to 
100  meters  the  costs  scaled  as  D^.  These  costs  are,  of  course,  extrapolations  to 
die  small  fflitenna  diameter  data  and  are  speculative. 
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ANTENNA  FOUNDATION  COSTS 


D{m) 


Hgure  7.  Cost  and  power  law  fits  to  data  for  antenna  foundation  subsystem. 
Costs  in  fits  to  data  are  in  units  of  $K. 
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Figure  8.  Cost  and  power  law  fits  to  data  for  antenna  power  subsystem. 
Costs  in  fits  to  data  are  in  units  of  $K. 
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C(K$) 


Figure  9.  Cost  and  fits  to  data  for  antenna  shipping,  installation,  and  testing 
subsystem.  Costs  in  fits  to  data  are  in  units  of  $K. 
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Figure  10.  Cost  breakdown  by  subsystem  as  fraction  of  total  antenna  cost 
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